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Preface 


This  volume  is  a  record  of  the  first  Joining  and  Adhesion  of  Advanced  Inorganic 
Materials  Symposium,  held  on  April  12-14  at  the  1993  MRS  Spring  Meeting  in  San 
Francisco,  California.  We  brought  together  for  this  symposium  an  international  group 
of  researchers  working  in  every  aspect  of  materials  joining  and  adhesion,  from 
fundamental  theoretical  aspects  of  adhesion  to  joining  techniques  being  applied  in  the 
commercial  world.  Adhesion  of  thin  films  and  coatings  was  discussed  at  the 
atomic/clectronic  level,  as  well  as  on  the  practical  level  of  coatings  for  wear  resistance. 
Joining  of  a  broad  range  of  materials  was  discussed,  including  ceramics  and  ceramic 
matrix  composites,  metals  and  metal  matrix  composites,  and  semiconductors.  A  variety 
of  novel  joining  techniques  were  described,  many  of  which  are  destined  to  become 
commercially  important  technologies  in  the  near  future. 

Funding  for  this  symposium  was  provided  by  the  U.S.  Office  of  Naval  Research 
and  the  U.S.  Department  of  Energy,  Assistant  Secretary  for  Energy  Efficiency  and 
Renewable  Energy,  Advanced  Industrial  Materials  Program.  The  encouragement  and 
support  of  these  institutions  is  gratefully  acknowledged .  The  organizers  would  like  to 
thank  Dr.  R,  Loehman  at  Sandia  National  Laboratories  for  help  with  promoting  the 
symposium,  and  Mr.  S,  Johnson  at  Penn  Slate  University  for  help  with  preparation  of 
tile  proceedings. 
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FIRST  PRINCIPLES  STUDY  OF  INTERFACIAL  ADHESION: 
THE  M0/M0SS2  INTERFACE  WITH  AND  WITHOUT  IMPURITIES 


T.  Hong*,  J,  R,  Smith**  and  D.  J.  Srolovit/.* 

‘Department  of  Materials  Science  and  Eng.,  University  of  Michigan,  Ann  Arbor,  MI  48109 
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ABSTRACT 

Adhesive  properties  of  the  Mo(001)//MoSi2(001)  heterophase  interlace  with  and  without 
C,  O,  B,  S,  and  Nb  impurities  arc  calculated  using  u  first  principles  local  density  functional 
upproaeh.  The  adhesive  energy  and  intcrfucial  strength  of  die  impurity-free  interlace,  are  10%  to 
1.1%  smaller  than  the  respective  vulues  for  cleavage  ulong  the  (001)  planes  of  Mo  und  MoSi2. 
All  of  the  impurities  were  found  to  decrease  the  M0//M0S12  adhesive  energy.  The  substitutional 
impurities  S  and  Hb  decreuse  the  intcrfucial  strength,  while  (he  interstitial  impurities  C,  O,  and 
B  increase  it,  All  of  the  impurities  increase  the  interfacsul  spacing  in  proportion  to  their  covalent 
radii.  The  impurity  effects  on  udhesion  may  be  described  in  terms  of  competing  bonding  and 
strain  effects. 

INTRODUCTION 

The  adhesive  energy  or  work  of  adhesion  of  an  interface  is  the  energy  required  to 
sepurute  the  two  materials  that  meet  at  the  interface,  in  the  absence  of  uny  dissipative  processes 
(such  us  dislocation  motion).  In  this  sense,  the  udhesive  energy  is  the  fundamental  quuntity 
which  describes  the  strength  of  the  bond  hetween  two  materials.  It  is  this  adhesive  energy  thut 
determines  the  fracture  properties  of  materials  within  the  simple  thermodynamic  model  of  brittle 
fracture  due  to  Griffith.1  While  more  modern  theories  of  intcrfucial  fracture  ure  cupuble  of 
including  a  range  of  other  physical  phenomena  (e.g.  plasticity,  segregation,  etc.),  they  all 
require,  at  their  most  fundamental  level,  u  description  of  the  energy  or  force  icquired  to  separate 
the  material  ut  the  interface  -  i.e,,  tlie  udhesive  energy.  As  a 'result  of  the  centrality  of  the 
udhesive  properties  in  fracture,  the  udnesive  energy  becomes  u  focal  point  of  an  increasing 
number  of  studies  involving  physicists,  chemists,  and  materials  scientists.  As  the  search  for 
high  performance  materials  continues,  it  is  common  to  combine  two  or  more  materials  with 
complimentary  properties  in  order  to  optimize  properties.  This  has  led  to  considerable  interest 
in  the  fracture  hehuvior  of  composites  und  the  interfaces  between  the  dissimilar  materials  within 
them.  The  present  study  focuses  on  the  adhesive  energetics  of  helerophase  interfaces  in  a 
mctul/intermctallic  composite.  This  work  is  part  of  an  ongoing  effort  to  obtain  a  microscopic 
understanding  of  the  mechanisms  thut  control  udhesion  in  order  to  provide  a  rational  basis  for 
the  design  of  increasingly  complex  materials, 

In  this  puper,  we  report  the  results  of  a  fully  three  dimensional,  first-principles  study  of 
adhesion  ut  a  hetemnhase  interface.  The  electronic  structure  und  total  energy  of  the  Mo((X)l )  // 
MoSi2(00!)  interface  is  calculated  as  a  function  of  intcrfucial  spacing  by  using  the  first 
principle.';  self-consistent  lo.  1  orbital  (SCLO)  method.2  To  determine  the  udhesive  energetics, 
the  recently  proposed  four-point  method-''  ijf  then  employed  to  fii  the  calculated  energy  values  at 
different  intcrfucial  separations  to  a  tiniversul-binding-energy  relation  (UBER)T  The  ideal 
work  of  adhesion  (or  adhesive  energy),  the  peak  intcrfucial  strength  (the  peuk  derivative  of  the 
energy  with  respect  to  the  separation  of  the  solids  at  the  interface),  und  the  full  udhesion  curve 
ure  all  obtained  by  performing  calculations  ut  us  few  as  four  inlcrfuciul  separations.  The 
adhesive  energy  and  the  pertinent  surface  energies  are  combined  to  analyze  the  relative 
configurational  stability  of  different  possible  intcrfucial  geometries. 

MoSi2  is  of  particular  interest  for  high-temperature  structural  applications.-'  The 
inherently  low  ductility  of  pure  MoSi2  has  led  several  groups'  to  creute  a  composite  of  MoSi2 
und  other  tougher  metals  (such  us  Mo  und  Nb)  in  order  to  achieve  higher  ductility  through 
ductile  phase  toughening.  MoSij  crystallizes  in  the  body-centered  tetragonal  structure  with 
experimental  lattice  constants'1  a=3.2()2A,  c=7.85 1  A.  The  experimental  lattice  constant  of  bee 
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Mo  is7  U-3.14A  and,  hence,  the  lattice  mismatch  for  the  1 100)  (IK)  1 )  plunes  of  the  two 
materials  is  then  loss  than  2%.  In  this  configuration,  little  atomic  relaxation  is  expected  (other 
than  the  formation  of  a  grid  of  dislocations  spaced  approximately  16(lA  apart)  and  hence  this  is 
an  ideal  candidate  metul/intermctallic  system  for  studying  heturophusu  interlaces  using  first 
principles  methods. 

In  addition  to  examining  a  clean  hetcrophuse  interface,  the  aim  of  the  present  work  is 
also  to  determine  how  impurities  affect  imerfuciul  handing  and  adhesion  between  two  different 
solids,  The  SCLO  method2  is  again  employed  to  compute  the  total  energies,  the  electronic 
structure,  and  the  electron  density  distribution  of  the  Mo(OOI)  II  MoSl2(001)  heterophase 
interface  with  representative  impurities,  numely,  interstitial  C,  O,  and  B,  and  substitutional  S 
and  Nb.  The  impurity  atoms  C,  (),  B,  and  S  were  chosen  because  they  represent  some  of  the 
more  common  interfacial  impurities  in  metallic  alloys.  Nh  is  of  interest  also  because  it  has  been 
found8  to  facilitate  bonding  between  MoSi2  and  another  metal,  Cu,  Because  of  its  relatively 
large  size,  Nb  was  taken  to  be  a  substitutional  impurity.  Various  studies  have  shown  that  C  and 
B  occupy  the  oetuhedral  sites  In  bee  Fe.'-’-10  As  die  local  environment  at  the  M0/M0SI2  Interface 
resembles  that  in  a  bee  solid  (in  the  absence  of  experimental  data),  it  is  reasonable  to  ussumc 
that  these  sumo  sites  would  be  occupied  ut  the  Mo/MoSh  interface  by  these  non-metal 
Impurities,  These  arc  the  4-fold  symmetric  surface  sites  on  the  Mo(001)  surface,  The 
impurities  were  Introduced  above  those  sites  at  a  monolayer  coverage  und  at  a  height  that  was 
determined  by  minimizing  the  energy  with  respect  to  the  separation  between  the  cleun  Mo 
surface  and  the  impurity  monolayer.  To  determine  the  relative  stability  of  the  substitutional  und 
the  interstitial  configurations  for  non-metal  Impurities,  total  energies  were  computed  for  both 
configurations  for  B  und  S,  which  are  the  larger  non-metal  impurlies.' *  We  found  thut  the 
lower  energy  configuration  for  S  is  substitutional,  whereas  B  strongly  favors  the  interstitial 
configuration.  This  suggests  thut  the  smaller  C  and  0  impurities  urc  ulso  interstitial.  Detuiled 
results  will  he  discussed  luter  in  this  paper.  To  simplify  discussions,  results  from  only  the 
lower  energy  configuration  (i.c.,  substitutional  for  Nb  und  S  und  interstitial  for  C,  0,  B)  are 
included  In  the  results  presented  below,  except  us  otherwise  noted, 

METHOD 

As  mentioned  curlier,  we  employ  the  first  principles  SCLO  method2,  bused  on  the  local- 
density  approximation12,  in  the  present  study,  This  method  has  been  successfully  upnlied  to 
expluln  and,  in  some  cases,  to  predict  surface  phenomena  involving  transition  mctuls.  The 
localized  basis  set  includes  ull  core  orbitals,  and  for  the  valence  orbitals  a  minimum  basis  set  is 
augmented  by  more  diffuse  orhituls  -  containing  much  of  the  flexibility  of  the  quantum 
chemist's  double-zetu-plus-polurization  basis  sets.  The  Ceperley-  Alder1 8  form  of  the  oxohuiige- 
cormlution  potential  is  used.  Self-consistent  iterations  arc  continued  until  changes  in  the 
electron  eigenvalues  are  less  than  .*)  tneV. 

Details  on  the  optimization  of  the  outermost  s,  p,  und  d  orbital  parameters  for  Mo  und  Si 
are  discussed  in  Ref.  14.  Because  of  the  similarity  between  Mo  und  Nh,  the  optimized  orbital 
parameters  for  Mo  were  also  used  for  the  Nb  impurity  atom.  The  procedure  for  optimizing 
orbilul  parameters  of  non-metul  impurities  is  somewhat  more  complicated,  however.  It  wus 
presumed  important  to  optimize  the  impurities  in  u  solid-stare  environment.  Thus  slabs 
consisting  of  three  layers  of  Mo  with  a  monolayer  of  impurity  atoms  chemisorbed  on  each 
surface  (maintaining  inversion  symmetry)  were  chosen  for  the  optimization  procedure.  The 
distance  between  the  impurity  monolayer  und  the  Mo  layers  is  initially  chosen  to  make  the 
nearest  impurlty-Mo  distance  equal  to  the  sum  of  the  covalent  radius1 1  of  the  impurity  and  the 
metallic  radius  of  Mo.  The  total  energy  of  slabs  containing  ouch  impurity  utom  is  then 
minimized  with  respect  to  the  parameters  determining  the  outermost  impurity  s  and  p  orbitals. 
Tltese  are  the  As  and  3p  orbitals  for  C,  0,  und  B  und  the  4s  und  4p  orbital',  for  S.  This  is 
referred  to  as  step  1. 

While  keeping  the  orbital  parameters  of  impurity  atoms  fixed  at  these  optimized  values, 
the  total  energy  of  each  system  is  then  minimized  with  respect  to  the  distance  between  the 
impurity  and  the  Mo  layers  (referred  to  us  step  2).  Using  these  optimized  distances,  step  I  is 
repealed  for  all  impurities.  Fortunately,  the  new  optimized  orhitul  parameters  arc  either  the 
same  us  or  very  close  to  those  from  step  I  for  ;ii!  of  the  impurities.  This  suves  us  from  further 
iterations  of  step  I  and  step  2.  The  key  to  avoiding  numerous  iterations  of  step  I  and  step  2  is 
apparently  a  good  initiul  value  of  imerfuciul  separation  between  the  impurity  layer  and  the  Mo 
layers.  It  appears  thut  the  sum  of  the  respective  radii  is  a  good  approximation.  The  3d  orbital 


of  S  is  constructed  following  the  same  prescription  us  that  for  the  3d  orbital  of  Si.14  These 
optimized  orbital  parameters  are  then  used  in  the  calculations  of  the  impurity-doped  Mo/MoSi2 
heterophase  interface,  Although  the  optimization  of  the  separation  between  the  impurity  layer 
and  Mo  layers  is  conducted  without  the  presence  of  the  M0SI2,  test  calculations  were  also 
performed  for  cases  where  MoSi2  was  present.  We  found  that  the  equilibrium  impurity-Mo 
distance  m  the  absence  of  the  silicide  was  within  0. 1  A  of  the  value  with  the  siliclde,  This  is 
due  to  the  steep  repulsive  potential  for  Mo-impurity  distances  less  than  the  equilibrium 
separation  and  the  fact  thut  the  M0ZM0SI2  adhesion  tends  to  force  the  impurity  layer  closer  to  the 
Mo  film.  For  the  undoped  and  each  impurlty-contuinlng  cases,  total  energies  from  different 
Mo-MoSi2  interfuciul  separations  are  fitted  to  the  universal  binding  energy  relation,  as  discussed 
in  Ref,  3.  This  leads  to  the  following  expression  for  the  adhesive  energy  per  unit  surface  areu 
(E)  as  a  function  of  interfacial  separation 

E  =  -Eu(i+aV“’  (D 

where 


u  =  (d  -  d0) !  I 


(2) 


The  equilibrium  interfuciul  separation  is  denoted  by  dt)  and  (lie  corresponding  adhesive  energy  is 
-E(,  (E0  will  ho  referred  to  us  the  ideal  adhesive  energy  hereafter).  The  sealing  length  /  is  a 
fitting  purumetor  which  provides  a  measure  of  the  elustie  characteristics  of  the  muieiiul.  The 
stress  a  is  defined  us  the  derivative  of  the  energy  E  with  respect  to  the  interfuciul  separation  d. 
The  stress-separation  relation  is  of  the  form 


a=o„ 


xu7'-“*> 


(3) 


where  the  ideal  peak  inlerfacial  strength  (per  unit  urea  of  interface)  Omnx  is  related  to  the  ideal 
udhesive  energy  E(,  by 


eZ 


(4) 


and  where  e  is  the  base  of  the  nulurul  logarithm.  As  mentioned  curlier,  these  parameters  pluy  a 
key  role  in  determining  inlerfacial  udhesive  properties. 

RESULTS 

Impurity  Free  MoZMoSb  Interlace 

Depending  upon  the  stacking  sequence  neur  the  interface,  three  distinct  interfucial 
arrangements  arc  possible.  These  arrangements  cun  be  represented  by  MoMoZZMoSiSi, 
MoMoZZSiMoSi,  and  MoMoZZSiSiMo,  where  the  double  slushes  ure  used  to  denote  the  interface 
While  only  those  atomic  layers  closest  to  the  interface  thut  ure  needed  to  distinguish  the 
inlerfacial  arrangements  arc  listed,  one  might  also  wonder  how  thick  the  films  should  be  to 
adequately  represent  adhesion.  Both  Mo  and  MoSi:  are  metallic.  Since  short  electronic 
screening  lengths  ure  characteristic  of  metallic  systems,  effectively  limiting  interfuciul  electronic 
effects  to  one  or  two  layers  of  the  interface,  it  is  reasonable  to  model  the  interface  by  slabs 
containing  a  few  utomic  layers. 

In  order  to  exuminc  the  dependence  of  interfaeiul  properties  upon  the  thickness  of  the 
slabs  und  inlerfacial  arrangement,  four  different  M0-M0SI2  Interfaeiul  configurations  are 
considered  in  this  study.  To  simplify  the  calculation,  reflection  symmetry  in  the  direction 
perpendicular  to  the  interface  is  maintained  in  all  configurations.  The  stacking  sequences  of  the 
four  configurations  starting  from  the  mirror  plane  arc  MoMoZZSiMoSi,  MoMoZZSiMoSiSl, 
MoMoMoZZSiMoSiSi,  and  MoMo/ZSiSiMoSi,  respectively,  The  first  three  configurations  all 
correspond  to  arrangement  where  the  first  MoSi2  layer  is  Si  and  the  second  is  Mo  but  with 
different  Mo  and  MoSh  slab  thicknesses.  The  last  configuration  corresponds  to  the 
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arrangement  in  which  the  first  two  MoSi2  layera  adjacent  to  the  interlace  arc  Si.  For  purposes 
of  comparison,  results  for  ideal  adhesion  in  pure  M0SI2,  cleaved  along  a  (001 )  plane  arc  also 
reported.  The  two  possible  MoSi2  (001)  cleavage  pianos  are  MoSIZ/SiMoSi  and 
MoSiSiy/MoSiSi.  Tlte  MoMo/ZMoSiSi  intcrfacial  arrangement  Is  not  included  in  this  study  since 
this  case  will  he  neurly  indistinguishable  from  that  of  cleavage  in  pure  Mo. 

The  calculated  values  of  the  ideal  adhesive  energy  (Et>),  the  peak  interluciul  strength 
(®mux)»  the  equilibrium  intcrfacial  separation  (d0),  and  the  sealing  length  (I)  for  uli  six 
Intcrfaciul  geometries  described  above  are  reported  in  Table  I.  By  comparing  the  adhesion 
results  for  the  three  geometries  in  which  a  single  Si  layer  is  ut  the  interface,  it  is  clear  that  the 
thickness  of  slabs  does  not  substantially  affect  the  ideal  adhesive  energy,  the  peak  intcrfacial 
strength,  or  the  equilibrium  intcrfaciul  separation.  The  MoMo//StMoSlSI  and 
MoMoMo//SlMoSiSl  Eo.  Oniux<  and  do  all  agree  to  within  3%.  This  indicates  that  a  three  layer 
slab  is  adequate  for  modeling  hulk  Mo.  This  is  a  direct  manifestation  of  the  very  short 
screening  length  in  metuls.  The  somewhat  lurgor  differences  between  the  results  with  two 
different  MoSi2  slab  thicknesses,  on  the  other  hand,  are  largely  due  to  the  smaller  interplanur 
spacing  in  MoSi2  thun  in  Mo  (approximately  15%)  in  the  [001  j  direction.  Based  upon  the 
above  discussion,  we  assume  thul  a  slab  of  MoSij  of  four  luyers  is  sufficient  to  represent  the 
hulk  MoSi2. 

TABLE  I.  Calculated  ideal  adhesive  energy  (E„),  peak  imerfuelul  strength  (Om,,), 
equilibrium  separation  (dc)),  and  the  scaling  length  (I)  for  four  different  Mo-MoSi2 
configurations  und  for  perfect  MoSb  crystals.  Stacking  configurations  all  start  ut  the 
mirror  plane,  while  actual  slabs  contain  twice  the  number  of  layers  shown. 


M0M0Z 

ZSiMoSi 

M0M0/ 

/SlMoSlSi 

MoMoMtV 

/SiMoSISi 

M0M11Z 

/SISiMoSi 

MoSi/ 

ZSiMoSi 

MoSISiZ 

/MoSISi 

(m'j/m2) 

4100 

3590 

35(H) 

4610 

3860 

46(H) 

Omax  (OPa) 

51.6 

40,8 

39.6 

53.0 

43.8 

49.4 

d„(A) 

1.37 

1,44 

1.44 

1.36 

1.28 

1.36 

1(A) 

0.59 

0.65 

0.65 

0.64 

0.65 

0.68 

It  is  not  possible,  bused  upon  the  dutu  in  Tuble  I,  to  unequivocally  establish  which 
Mo(0()l)//MoSi2(00l)  inierfuec  (i,c.  MuMo/ZSiMoSiSi  or  MoMo//SiSiMoSi)  has  the  lowest 
energy  and  hence  is  thcrmodynumicully  stublc.  This  is  because  the  energies  are  sufficiently 
close  that  we  would  have  to  guarantee  the  sume  stoichiometry  for  all  of  tlte  silieide  segments 
considered.  Thut  would  necessitate  the  treatment  of  thicker  films,  which  is  beyond  our  current 
computational  capabilities.  A  comparison  of  results  for  the  MoSi//SiMoSi  und  MoSiSi//MoSiSi 
interfaces  shows  that  the  MoSi//SiMoSI  represents  the  lower  energy  configuration  for  the  free 
MoSi2.  If  we  were  to  bring  this  equilibrium  M0S12  surface  in  contact  with  u  Mo  surface  at 
sufficiently  low  temperatures,  then  we  would  expect  the  stacking  to  remain  unchanged,  i.c., 
MoMoMo//SiMoSiSi.  If  the  energy  difference  between  MoMoMo/ZSiMoSiSi  und 
MoMoMo//SiSiMoSi  were  sufficiently  small,  then  it  would  be  likely  that  in  any 
Mo(001)//MoSi2(O0l)  composite  both  interfaces  would  be  present.  This  assertion  is  based 
upon  the  non-equilibrium  nature  of  composite  processing  and  the  manner  in  which  interfaces 
migrate.  Therefore,  when  the  composite  is  subjected  to  an  external  stress  which  tends  to  pull 
the  interface  apart,  it  Is  the  weaker  interface  which  would  dominate  the  adhesion  properties  of 
material  Examination  of  Table  1  demonstrates  thut  the  MoMoMoZ/SIMoSiSi  interface  is 
substantially  weaker  than  the  MoMoMoZZSiSiMoSi  interface,  bused  on  both  the  adhesive  energy 
Eo  and  the  peak  intcrfaciul  strength  amaio  For  all  of  these  reasons  we  will  focus  on  the 
MoMoMoZZSiMoSiSi  interface  for  the  remainder  of  the  pivsent  study. 

The  ideul  adhesive  energy  und  peak  intorfueiul  strength  for  the  MoMoZSIMoSiSi 
interface  are  between  10%  and  15%  smuller  thut  those  for  crystalline  Mo(001)  and  MoSi2(00i ). 
This  suggests  that  the  Mo/MoSi2  interface  will  full  under  stress  before  either  the  Mo  or  M0SI2 
crystals.  However,  since  this  comparison  was  mude  on  the  basis  of  ideul  udhesion,  it  is  only 
conclusive  in  the  absence  of  nlusiieity. 

In  order  to  examine  the  validity  of  the  universal  binding  energy  relation  (UBER)  (Eq.  1) 
for  adhesion  between  two  dissimilar  metallic  inutcrluls,  the  UBER  form  is  fitted  to  the  calculated 
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energy  values  at  different  interfueiul  sepurutions  and  plotted  in  Fig.  1  tor  the  six  interfaces 
!'|  analyzed  in  Table  I.  In  all  cases,  the  UBER  provides  an  excellent  fit  to  the  data.  The 

MoMo//StMoSiSi  and  the  MoMoMo/zSiMoSiSi  adhesion  curves  are  very  close  over  the  entire 
£  tango  of  the  Interfacial  separation,  reflecting  the  short-screening  effect  in  Mo,  as  discussed 

earlier.  Strikingly,  the  adhesion  curves  for  the  MoMo//SiSiMoSl  und  MoSiSi//MoSiSi 
interfaces  arc  nearly  the  same  over  a  wide  range  of  the  interfacial  separation.  This  suggests  that 
the  /MoSiSI  surface  energy  is  similar  to  that  of  the  pure  Mo  (001 )  regarding  adhesion. 

A  detailed  analysis  of  the  bonding  at  the  M0/M0SI2  interface  has  been  presented  in  Ref. 
V  14,  where  both  electron  density  and  interfueiul  density  of  states  results  may  be  found.  The 

interfueiul  adhesive  bonding  is  attributable  to  the  combination  of  u  nearly  uniform  band  of 
charge  accumulation  at  the  interface  and  directional  charge  accumulation  between  atoms  across 
the  interface. 

Mo/MoSi)  Interface  with  Impurities:  Adhesion 

As  discussed  in  the  Introduction,  we  assume  that  the  impurities  are  either  fixed  at  a  4- 
fold  symmetric,  interstitial  site  or  as  a  substitutional  site  (sue  Pig.  2).  Our  totul  energy 
calculations  show  that  the  largest  (covalent  radit)  Impurities,  Nh  and  S  are  in  suhstitutlonal 
sites,  while  the  smaller  C,  O,  and  B  Impurities  occupy  interstitial  sties.  When  the  hetciopha.se 
Interface  is  formed  (or  cleaved),  we  explicitly  assume  that  the  Impurity  remains  bound  to  the  Mo 
crystal. 

Calculated  vuluos  of  the  ideal  adhesive  energy  (Eo),  the  peak  interfacial  strength  (a,mix), 
and  the  equilibrium  interfaeial  separation  (du)  are  listed  in  Table  11  for  the  undoped 
(M0M0//SIM0SISI)  and  all  of  the  impurity-doped  eases.  In  ull  eases,  d0  Is  the  equilibrium 
distunee  between  the  plane  through  the  nuclei  of  the  surface  transltlun-metul  atomic  layer  und  the 
pluno  through  the  nuclei  of  the  surface  Si  layer.  The  transition-metal  surluee  atomic  layer  Is  Mo 
except  for  the  Nb  substitutionul  ease. 

TABLE  II.  Calculated  ideal  adhesive  energy  (E„),  pouk  intorfaeiu)  strength  (Omox), 
equilibrium  interfaeial  separation  (do),  und  sculing  length  (l)  for  the  undoped  and  ull  the 
Impurity-doped  eases.  Also  listed  are  the  chemical  energy  (Ee)  and  strain  energy  (E,), 
which  urc  defined  in  the  text. 


undoped 

Nb 

C 

0 

B 

S 

ESSB2B0 

3500 

3230 

3160 

2860 

27<X) 

1770 

1  Omax  (GPa) 

39.6 

33.2 

59.0 

50.2 

40.8 

20.6 

vm 

MBEM 

1.60 

2.26 

2.17 

2.37 

2.72 

MW 

mmm 

0.72 

0.39 

0.42 

0,49 

0.63 

iiaLclkubi 

... 

180 

■920 

-430 

■660 

-320 

... 

90 

1260 

1070 

1460 

2050 

It  is  evident  from  the  data  in  Table  tl  thut  all  of  the  impurities  reduce  the  adhesive  energy 
and  increase  the  equilibrium  interfaeial  separation.  The  reduction  of  the  ideal  adhesive  energy 
upon  doping  is  u  very  strong  effect.  S  doping  reduces  the  ideal  adhesive  energy  of  the 
Mo/MoSt2  interface  by  neurly  a  factor  of  two.  Comparison  of  results  for  different  dopants 
shows  thut,  among  the  non-metal  impurities,  larger  reductions  in  the  ideal  adhesive  energy  ure 
caused  by  atoms  of  larger  atomic  size.  The  magnitude  of  the  increase  in  the  equilibrium  spacing 
do  or  locul  strain  is  simply  reluted  to  thecovulent  radius11,  us  may  be  seen  In  Fig.  3.  Note  that 
the  value  of  d0  In  Fig.  3  for  the  Nb-dopod  ease  is  the  value  from  Tuble  II  plus  the  Mo(2)-Nb 
interplanar  spucing,  where  the  labeling  of  the  atomic  planes  is  us  per  Fig.  2.  This  corresponds 
to  the  equilibrium  interfaeial  separation  between  the  Mo(2)  utom  und  the  Sift)  atom,  i.c.,  the 
Nb-doped  ease  is  treated  here  on  an  equal  fooling  with  the  cases  involving  non-metal 
impurities.  The  interfaeial  spacing  is,  to  a  good  approximation,  a  linear  function  ot  the  covalent 
radius  of  the  atoms  of  the  impurity  layer.  Thus  suggests  a  rather  simple  picture  of  the  effects  of 
the  non-metal  impurities.  That  is,  the  impurities  act  as  spacers  ut  die  interface,  pushing  the  two 
surfaces  apart.  The  bonds  across  the  interface  are  presumably  stretched  and  weakened  as  the 
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Figure  1.  Thu  calculated  total  energy  E  (per  unit  surface  urea)  ui  different  Intcrfuclul 
separations  and  the  corresponding  unlversal-binding-enorgy  relation  (USER)  versus 
interfuciul  separation  d  for  ull  the  eases.  The  Inset  shows  the  details  in  the  vicinity  of  the 
minima.  The  o's  correspond  to  MoMof/SIMoSI,  0’s  to  MoMo//SiMoSiSI,  A 's  to 
MoMoMo//SIMoSISi,4's  to  MoMo//SiSiMoSI,  *'s  to  MoSI//SiMoSi,  and  *'s  to 
MoSISl/ZMoSiSi,  Stacking  configurations  ull  start  at  the  mirror  plane.  Actuul  slabs 
contain  twice  the  number  oi  layers  listed. 


Figure  2.  The  half  unit  cells 
employed  to  study  systems 
containing  (a)  interstitial  and  (b) 
substitutional  impurities.  The 
interstitial  impurity  locutions  are 
denoted  by  the  X.  There  is 
inversion  symmetry  about  the 
center  of  the  Mo(l)  atomic 
layer,  The  luyers  are  numbered 
by  element  and  in  order  of  their 
distance  from  the  center 
(Mo(l))  layer.  The  undopud 
interface  is  equivalent  to  that 
shown  in  (a)  but  with  the 
interstitial  site  unoccupied.  The 
Nb-dopod  interface  employs  the 
same  unit  eell  as  for  the 
undoped  interface  except  that 
Nb  is  substituted  for  the  Mo(3) 
utoms. 


(a)  interatitlal  (b)  substitutional 


•  Mo  O  Si  ♦  X 


0 


Roovaltnt(A) 


Figure  3.  Intcrfacial 
separation  d0  between 
the  Mo  and  MoSi2 
crystals  versus  the 
covalent  radii11  of  the 
impurities. 


two  crystals  move  apart.  Consequently,  the  adhesive  energy  is  reduced.  This  is  consistent 
with  the  apparent  weakening  of  the  Mo-Mo  bond  (the  electron  charge  accumulation  between  the 
Mo(3)  and  Mo(4)  utoms  when  the  interface  is  fanned)  across  the  interface  in  the  impurity-doped 
cases  compared  with  thu  undoped  case,  us  discussed  below.  Since  Nh  is  an  element  widen  is 
similar  in  nature  to  Mo,  its  effect  on  the  adhesive  bonding  is  somewhat  different  thun  that  for 
the  non-metal  impurities,  While  Fig.  3  shows  that  Nb  increases  the  Mo(2)-Sl(l)  spueing  the 
most,  the  charge  density  plots  (sec  below)  show  that  u  Nb-Mo(4)  bond  is  established  which  is 
quite  similar  to  the  Mo(2)-Mo(4)  band  for  the  undoped  interface.  This  was  the  rutionule  for 
taking  the  equilibrium  spacing  in  Table  II  to  be  the  Nb-Si(t)  spacing,  putting  the  Nb-doped 
lnterfuee  on  the  sume  footing  us  die  undoped  interface. 

In  Fig.  4,  the  calculated  adhesive  energy  (E)  as  a  function  of  intcrfacial  separation  d  is 
plotted  for  the  undoped  and  doped  interface  cases,  Since  the  increase  in  the  equilibrium 
Interfacial  spueing  cun  be  thought  of  us  u  loeul  strain,  the  E  versus  d  curve  may  be  used  in 
dividing  the  dopant  effects  into  strain  energy  and  chemical  energy  terms.  Since  the  presence  of 
impurities  Increases  the  equilibrium  Mo-MoSi2  crystal  spacings  d»,  wo  define  the  strain  energy 
(E«,  cf.  Tublc.  II)  us  the  energy  difference  between  and  E(dolMXMl),  where  E(d)  is 

the  undoped  Mn/MoSi2  adhesion  curve.  In  other  words,  we  define  the  dopant  contribution  to 
the  strain  energy  Es  us  die  oliunge  in  energy  of  the  undoped  M0/M0SI2  system  when  the  spacing 
between  the  Mo  und  MoSi2  crystals  Is  Increased  to  the  extent  caused  by  the  dopants,  d0dopcu 
-the  minimum  of  the  Impurity  adhesion  curves,  The  strain  energy  is  found  to  be  positive 
definite.  One  could  define  a  chemical  energy  as  the  difference  between  two  energies  ut  the 
strained  spacing,  i,e„  ut  the  spueing  corresponding  to  the  minimum  of  the  doped  curve.  We 
define  the  ohemleul  energy  us  the  difference  in  energy  between  the  minimum  of  the  Impurity- 
doped  curve  and  the  M0/M0SI2  curve  at  the  same  spacing  •  d^opal.  The  sum  of  the  strain  und 
chemical  energies  is  then  the  adhesive  energy  difference  between  the  minima  of  the  impurity- 
doped  curve  und  thu  Mo/MoSi2  curve.  This  is  not  a  unique  definition  of  the  strain  and  chemicul 
energies,  hut  one  which  greatly  simplifies  our  understanding  of  the  udhesion  energetics,  Larger 
strain  energies  Es  correspond  to  smaller  udhesive  energies,  while  larger  chemicul  energies  Ec  ure 
correlated  with  lurgcr  adhesive  energies,  both  us  expected. 

Examination  of  each  impurity-doped  eusu  reveals  the  distinctive  roles  played  hy  the 
different  types  of  impurities.  The  Nb-SI(l)  spacing  (d„  in  the  Nb  column  of  Table  II)  is 
somewhat  lurgcr  thun  the  Mo-Si(l)  spacing  in  die  unuoped  interface.  This  is  consistent  with 
the  fact  that  the  luttice  constant  of  bee  Nb  (3.29A)  is  lurgcr  thun  thut  of  bcc  Mo  (3. 14A).  Both 
the  struin  energy  and  the  chemicul  energy  in  the  Nb-doped  ease  are  small,  relleeling  the 
similarity  between  Mo  und  Nb,  The  small  positive  chemicul  energy  term  indleutes  that  Nh 
utoms  form  slightly  wcukcr  bonds  with  MoSi2  atoms  across  the  interface  thun  do  the  Mo  atoms. 
This  is  consistent  with  the  surface  energy  of  Nh(HK))  being  smaller  thun  tlte  surface  energy  of 
Mo(l(X)).3 

For  thu  non-metal  impurities,  some  interesting  trends  can  be  deduced  from  Table  I.  The 
ordering  of  the  strain  energies  Es  caused  by  thu  different  impurities  ut  the  Interlace  is  O  <  C  < 
B  <  S,  whereas  the  ordering  of  the  absolute  .  alue  of  the  chemical  energies  Ec  is  S  <  O  <  B  < 
C.  These  two  energies  along  with  thu  EC+EK  ure  plotted  in  Fig,  5  as  a  function  of  the  covalent 
radius  of  the  non-metal  impurities.  It  is  perhups  not  surprising  to  find  thut  the  strain  energy  Is  u 
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Figure  4.  The  calculated  energy  E  (per  unit  surface  area)  of  the  doped  and  undoped 
interfaces  versus  Interfuoiu!  sepurution  d.  The  undoped  interface  is  represented  by  tlte 
open  circles,  the  Nh  doped  Interface  by  open  diamonds,  the  O  doped  interface  by  tilled 
diamonds,  the  C  doped  interlace  by  filled  triangles,  the  B  dopco  interface  by  filled 
squares  and  the  S  doped  interface  by  tilled  circles, 
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Figure  5.  The  strain  energy  (triangles),  chemlcul  energy  (open  circles),  und  sum  of  the 
two  (solid  circles)  versus  the  covalent  radii  of  tlte  impurities. 
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monotonic  function  of  the  covalent  radius,  us  the  effects  of  impurity  size  arc  expected  to  be 
incorporated  in  the  strain  energy.  However,  the  linear  dependence  of  EB  on  the  covalent  rudius 
muy  be  attributed  to  the  nearly  lineur  form  of  the  undoped  M0/M0SI2  udhesive  energy  versus 
separation  d  curve  (Fig.  4)  over  the  range  of  separations  corresponding  to  the  equilibrium 
separations  of  the  impurity  doped  interfaces.  The  chemical  onergy  is  a  more  complicated 
function  of  the  covalent  radius.  This  is  because  the  chemical  interaction  between  atoms  is  not 
directly  rcluted  to  the  atomic  sizes,  rather  it  is  a  function  of  chemical  parameters  such  as 
electronegativity.  As  discussed  above,  the  sum  of  the  chemical  and  strain  energies  gives  the  net 
effect  of  an  Impurity  on  the  adhesive  energy  Eu(undoped)-Eo(doped),  It  is  clear  from  Fig.  5 
that  the  effects  of  non-metal  impurities  eun  be  best  described  us  a  strong  strain  effect  modulated 
by  u  modest  chemical  interaction.  This  supports  die  concept  proposed  earlier  that  the  non-metal 
impurities  act  us  spacers  of  the  Mo  and  MoSi2  crystals. 

It  turns  out  that  a  complete  picture  of  the  impurity  effects  on.  adhesion  is  not  that  simple, 
however.  This  becomes  evident  after  comparing  the  peak  interfacial  strength  (cf.  amux  in  Table 
II)  for  all  of  the  interfacial  impurities.  Although  all  impurities  reduce  the  ideal  adhesive  energy, 
B  slightly  increases  the  intcrfuciul  strength,  and  O  and  C  significantly  strengthen  the  interface. 
On  the  other  hand,  both  substitutional  Nb  und  S  decrease  the  interfacial  strength,  In  particular, 
S  causes  the  largest  reduction  (by  utmost  u  factor  of  2)  in  both  the  ideal  adhesive  energy  and  the 
peak  intcrfuciul  strength.  Recalling  the  dependence  of  the  peak  interfacial  strength  on  the  ideal 
udhesive  energy  E„  and  the  sealing  length  I  (Ku.  4),  It  Is  not  difficult  to  see  that  the  increase  of 
the  peak  Intorfueiul  strength  in  the  C-,  0-,  und  B-doped  cases  is  primarily  due  to  smull  sealing 
lengths  in  those  eases,  whereas  the  low  peak  intorfueiul  strengths  of  the  S-doped  Interfaces  is 
attributable  to  the  low  E«  vuluo.  The  reduced  value  associated  with  the  Nb  doped  interlace 
is  attributable  to  both  an  lncrcu.se  in  l  and  a  decrease  In  Eo. 

Mo/MoSb  Mate  .with  Imcudto  Charge  Punttlty 

Impurities  uro  expected  to  ul'feet  electron  charge  distributions.  Nevertheless,  it  is  still 
quite  striking  to  the  degree  to  which  they  bring  about  drumutlc  ehungos  in  the  electron  ehurge 
arrangement  at  the  Mo  und  MoSi2  interlace.  Since  the  focus  of  the  present  study  is  intcrfuciul 
adhesion,  we  focus  on  the  changes  in  the  electron  charge  profiles  when  the  M0/M0SI2  interface 
Is  formed  by  bringing  the  Mo  und  MoSi?  crystals  together  from  large  separations  (i.o„  d  Is 
changed  from  effectively  d=*»  to  d0).  In  Figs.  6(u-d)  die  electron  ehurge  density  reurrungemen* 
due  to  the  formation  of  the  Inlerfuee  is  plotted  for  the  undoped  M0/M0SI2  interface  und  that 
Imorfuco  with  Nb,  C,  and  S  respectively.  The  electron  ehurge  density  plots  for  the  O  and  B 
impurities  are  very  similar  to  that  of  C  und  muy  be  found  in  Ref.  15,  Tnose  plots  ure  generated 
by  subtracting  the  electron  ehurge  density  distributions  at  large  interfacial  separation  from  those 
at  the  eauillhrium  separation  so  they  represent  the  net  effects  of  charge  rearrangement  caused  by 
the  ideul  adhesion.  In  alt  cases,  electron  charge  rearrangement  becomes  quite  smull  at  distances 
larger  than  one  or  two  atomic  layers  from  the  interface,  This  again  demonstrates  that  the 
metallic  screening  length  is  quite  small. 

Comparison  of  the  charge  rearrangement  for  the  undoped  M0/M0SI2  interface  plot  (Fig. 
fiu)  with  thut  for  the  Nb- doped  cuse  (Fig,  fib)  shows  that  the  two  eases  beur  u  strong 
resemblance  to  eucli  other.  This  reflects  the  similarity  in  physlcul  properties  between  elemental 
Mo  and  Nb.  In  both  cases,  a  substantial  accumulation  of  electrons  is  found  to  spread  over  ull 
parts  of  the  interface  between  Mo  (nr  Nb)  und  MoSi2  atoms  when  the  Interface  is  formed.  This 
is  indicative  of  the  adhesive  nalure  of  die  Interfacial  bonding.16  In  addition  to  a  uniform  "bund" 
of  electron  accumulation  ut  the  interface,  there  also  exists  contributions  from  strong  directional 
electron  accumulations  localized  along  the  lines  connecting  atoms  across  the  interface  in  the 
direction  normal  to  the  interface  (i.e„  the  /--direction)  in  both  cases.  This  part  of  electron  ehurge 
accumulation  between  atoms  surrounding  the  Interface  is  reminiscent  of  covalent  bonding  in 
diatomic  molecules.  The  purullel  between  the  diatomic  moleculur  bond  and  the  bimelullic 
interfacial  bond  has  been  pointed  out  curlier.4  Note  especially  the  relatively  large  accumulation 
of  electrons  between  the  surface  atoms  of  the  Mo  crystal  (Mo(3)  or  Nb.  Fig,  2)  and  the  second- 
layer  Mo  atoms  (Mo(4))  in  the  MoSi2  film. 

in  the  non-metu!  impurity-doped  interface  eases,  the  bund  of  Interfacial  electron  ehurge 
accumulation  ut  the  interface  is  reduced,  or  even  totally  eliminated  in  some  instances  us 
compared  with  the  undoped  or  Nh-dopnd  interface  cases.  Additionally  the  strong  accumulation 
between  the  Mo(3)  uml  Mo(4)  atoms  is  greutly  reduced,  This  suggests  that  the  adhesive 
bonding  between  the  Mo  and  M0SI2  crystals  is  significantly  weakened  due  to  the  introduction 
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Figure  6.  Charge  density  rearrangement, s  due  to  adhesion  between  the  (001)  surfaces  of 
Mo  and  M0S12:  (a)  the  undopud  ease  (denoted  by  Mo/MoSij),  (b)  the  Nb-doped  euse 
(denoted  by  M0/N0/M0SI2).  (e)  Mo/C/Mo3i2,  (d)  Mo/S/MoSta,  Those  contours  were 
determined  by  subtracting  the  charge  densities  of  the  system  with  the  Interface  from  those  at 
effectively  infinite  separation.  Positive  contours  (solid  lines)  denote  electron  accumulation 
due  to  Ideal  udhusion  and  negative  contours  (dashed  lines)  indicate  electron  depletion, 
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of  die  non-metal  impurities.  In  the  C,  O,  und  B  doped  interface  eases,  there  is  a  relatively  large 
accumulation  of  electrons  around  the  impurity  atoms  in  the  /.-direction.  This  is  due  to  the  strong 
chemical  bonds  formed  across  the  interface  by  the  impurity  atoms  and  to  the  reduced  atomic 
bond  lengths  associated  with  the  interstitial  nature  of  the  impurity  atoms.  Although  the  main 
features  of  adhesive  bonding  in  systems  doped  by  these  three  impurities  are  similar,  there  do 
exist  some  differences.  For  example,  the  Mo  atoms  one  layer  away  from  the  interface  in  the  Mo 
crystal  (Mo(2))  In  the  C-  and  O-doped  coses  lose  d-olectrons  with  z2-r2  symmetry,  while 
gaining  some  with  xz  and  yz  symmetry,  In  the  B -doped  ease,  meanwhile,  a  gain  of  electrons 
with  r2  and  xy  symmetry  is  evident  at  those  sites.  Because  of  the  different  local  intcrfacial 
geometry  in  the  substitutional  S-doped  case,  examination  of  effects  due  to  S  suggests  yet 
another  picture,  Both  the  uniform  bund  of  electron  charge  accumulation  and  the  charge 
accumulation  between  Mo  atoms  are  completely  absent  In  the  S-doped  ease,  Instead,  owing  to 
the  shorter  distance  between  the  Mo(3)  and  the  Si(t)  atoms  (compared  with  the  Mo(3)- 
intorstltial  impurity  distance),  the  electron  charge  accumulation  beiwecn  these  utoms  is  even 
enhuncod  relative  to  its  counterpart  in  the  undoped  ouse,  When  the  interface  between  the  Mo 
und  M0SI2  crystals  is  formed,  there  is  a  net  charge  depletion  surrounding  the  S  sites.  This  is  in 
contrast  to  the  substantial  charge  accumulation  at  impurity  sites  in  the  C-,  0-,  und  B-dopcd 
cuses.  The  ohurge  rearrangement  around  the  Mo(2)  and  Mo(4)  sites  in  the  S-doped  euso 
uppeurs  weaker  than  the  undoped  and  C-,  0-,  and  B-dopisd  cases.  All  those  results  suggest  that 
there  is  u  woukcr  intorfuciul  adhesion  in  the  S-doped  case  than  in  either  the  undoped  or 
interstitial-doped  interface  eases. 

CONCLUSIONS 

The  likely  equilibrium  stacking  of  ulomic  planus  at  the  Mo((M)I  V/MoSlj((X)l)  interface  is 
MoMo//SiMoSiSl  stacking,  Botli  the  Ideal  udhesive  energy  und  peak  inlerfuolul  strength  for  the 
M0M0//SIM0SISI  interface  urc  between  10%  and  15%  smaller  thun  those  lor  crystalline 
Mo(lH)  l)  und  MoSlj((Kll).  The  equilibrium  interlayer  separation  between  Mo  und  MoSl2  In  the 
intorfuciul  urrungoment  was  found  to  he  Intermediate  between  those  In  orystulllnc  Mo  and 
MoSij.  The  adhesive  bonding  at  the  stuhlo  interface  was  identified  to  ho  u  combination  of  u 
uniform  bund  of  charge  accumulation  at  the  Interface  und  directional  charge  accumulation 
between  utoms  across  the  interface. 

Our  first  principles  electronic  structure  calculations  show  that  all  of  the  Impurities 
considered  (Nh,  C,  (),  B,  und  S)  decreased  the  udhesive  energy  of  the  Mo/MoSia  lictcrophuso 
interface.  The  Nh-doped  cuso  resembles  die  undoped  euse  T11  many  aspects  und  differences 
between  the  two  cuses  are  uttrlbutahle  to  the  differences  between  elemental  Mo  und  Nb.  The 
non-motallic  Impurities  C,  B,  O,  and  S  have  u  much  stronger  effect  on  adhesive  energies,  S 
was  shown  in  liuve  the  largest  effect,  with  a  monolayer  al  the  Mo/MoSb  Interface  decreasing 
the  udhesive  energy  by  upproximuicly  a  factor  of  2.  It  was  found  that  the  Impurities  incivu.se  the 
inlcrfuclut  spacing  in  proportion  to  the  Impurity  covalent  radius,  Elootron-densliy-dllTereitoe 
plots  show  that  the  adhesive  bonding  across  die  interlace  in  the  undoped  case  Is  weakened  by 
all  of  the  mm-metal  impurities.  Impurity  effects  were  analyzed  in  terms  of  the  competition 
between  strain  und  chemical  enetgclies,  A  simple  picture  emerged  in  which  the  impurities  lower 
die  Mo/MoSlj  adhesive  energy  by  stretching  und  therefore  weakening  the  bonds  across  the 
interface.  No  such  simple  picture  was  found  to  oxpluin  the  effects  of  impurities  on  peak 
interfuclul  strengths.  The  interstitial  impurities  C,  O,  und  B  increased  the  intorfuciul  strength, 
while  the  substitutional  impurities  Nh  und  S  decreased  it,  We  note  dial  for  those  impurities 
which  Increase  (he  peak  Intorfuciul  strength  (C,  B,  und  0),  the  euuilihrium  interracial  separation 
falls  neur  the  point  of  peak  intorfuciul  strength  of  (lie  corresponding  undoped  euse. 
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ABSTRACT 

It  is  shown  that  for  metal/oxide  systems  with  weak  or  moderate  reactivity,  wetting 
depends  mainly  on  parameters  related  with  the  detailed  chemistry  and  structure  of  Interfaciai 
reaction  products  rather  than  on  parameters  related  with  the  intensity  of  interfaciai  reactions. 
Consequently,  wetting  can  be  promoted  by  alloying  a  metal  matrix  M  with  a  reactive  solute  B 
capable  of  modifying  in  a  favourable  sense  the  metal/oxide  interface.  This  CRn  be  achieved 
via  two  mechanisms  depending  on  the  value  of  the  Wagner's  interaction  parameter  ,  When 
Eq<0  (moderate  interactions  between  solute  B  and  dissolved  oxygen),  the  solute  B  can 
modify  the  liquid-side  of  the  Interface  by  adsorption,  an  effect  that  can  be  strongly  enhanced 
by  oxygen  coming  from  dissolution  of  the  oxide  substrate.  When  Eo«0  (strong  0-B 
interactions  in  M),  the  solute  B  can  lead  to  the  formation,  at  the  solid-side  of  the  interface,  of 
a  new  phase.  When  this  new  phase  features  metallic  bonding  wetting  can  be  strongly 
Improved. 

1  INTRODUCTION 

Wettability  of  solids  by  liquids  is  generally  described  by  the  angle  0  formed  at  the  line 
of  contact  of  three  phases,  solid  (S),  liquid  (L)  and  vapour  (V).  0  Is  related  with  the 
characteristic  interfaciai  energies  o  of  the  system  by  Voting's  equation  : 


cos0  =  (osv -oSL)/aLV  (I) 

At  high  temperatures,  the  surface  tension  of  the  liquid  oLV  and  the  contact  angle  are  usually 
measured  by  the  sessile  drop  technique.  Prom  these  quantities,  the  following  two  parameters, 
very  Important  In  joint  processing  and  properties,  can  be  evaluated  :  the  work  of  immersion 

W|  =  Oj(V  -  oSL  a  oLV  cosO  (2) 

a  quantity  which  Is  needed  for  describing  infiltration  of  capillaries  by  liquids,  anti  the  work  of 
adhesion 


W„  =  Osv  +  0LV  -  0!)L  m  Olv(I  +  COS 0 )  (3) 

a  parameter  which  quantifies  the  strength  of  the  interfaciai  bond  between  the  solid  and  the 
liquid. 

For  pure  non-reactive  metal/ionocovulent  oxide  systems  in  reducing  or  neutral 
atmospheres,  bonding  is  brought  about  by  weak  interactions,  which  have  been  attributed 
cither  to  Van  dor  Waals  [1,2]  or  chemical  Interactions  [3,4]  localized  at  the  Interlace.  Non- 
wetting  (0»9O°)  Is  generally  observed  In  this  case  and  W„  represents  only  a  few  tens  of 
percent  of  the  work  of  cohesion  of  the  metal  equal  to  2oLV  [1,5]. 
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Both  wetting  and  bonding  can  be  affected  by  trace  elements,  especially  oxygen  even  at 
partial  pressure  levels  as  low  as  lO-MO10  Pa,  It  is  now  well  established  that  when  dissolved 
oxygen  is  present  in  a  metal  M,  the  contact  angle  decreases  and  the  adhesion  energy 
increases  [1,6],  This  is  due  to  the  fact  that  dissolved  oxygen  combines  with  metal  atoms  and 
forms  OM  clusters  which  acquire  a  partially  ionic  character  as  a  result  of  charge  transfer 
from  the  metal  to  oxygen.  Such  clusters  can  develop  coulombic  interactions  with  any 
tonocovalcnt  ceramic  and,  as  a  consequence,  they  adsorb  at  the  metal/oxide  interface  [1],  The 
resulting  increase  in  adhesion  energy  is  significant  but  rather  limited  (a  few  tens  of  percent). 

The  simplest  way  to  enhance  wettability  in  a  non-reactive  metal  M/oxide  system  is  via 
the  composition  of  the  metallic  phase,  Using  a  non-reactive  alloying  element  B,  it  Is  possible 
to  produce  a  significant  decrease  in  0  resulting  from  pure  adsorption  of  B  at  the  M/oxide 
interface  [7],  The  conditions  to  be  satisfied  by  the  metal  B  are  a  high  work  of  adhesion,  a  low 
surface  tension  and  weak  B-M  interactions  in  the  alloy  [7],  But  even  in  the  most  favourable 
cases,  the  contact  angles  remain  above  60°.  In  principle,  lower  contact  angles,  which  are 
needed  in  some  cases  (e.g.  in  joining  of  ceramics  by  brazing  alloys),  can  be  expected  using  a 
reactive  solute  3.  However,  the  central  question  is  how  to  select  B,  no  model  of  general 
acceptance  being  available  relating  wettability  to  reactivity,  In  the  following  section, 
experimental  results  of  reactive  wetting  will  be  reviewed  in  order  to  identify  the  governing 
thermodynamic  and  physico-chemical  parameters, 

2  EXPERIMENTAL  RESULTS  ON  PURE  METAL/OXIDE  SYSTEMS 

In  pure  inetul/oxlde  systems,  the  oxido-reduction  reaction  is  generally  used  to  discuss 
reactivity  [1,8].  In  order  to  simplify  notations,  we  will  now  focus  on  the  case  of  the  reduction 
of  alumina  by  a  metal  M  with  the  formation  of  a  MO  oxide,  according  to  a  reaction  of  the 
type: 


|(M)  +  |-A1203  <=»|M0  +  (A1)  (4) 

An  approximate  criterion  for  reactivity  is  the  degree  of  progress  of  the  Imerfacial 
reaction,  which  can  be  obtained  by  calculating  the  equilibrium  concentration  of  A1  in 
liquid  M,  coming  from  the  dissolution  of  AUO;(.  alH)  is  thus  equal  to  the  difference  between 
final  and  initial  (that  is  zero  in  our  case)  mole  fraction  of  At,  XA|.  In  the  case  XAi«l,  the 
equilibrium  XA|  for  reaction  (4)  is  written  as  follows  [9] : 

X„cexn-fM±.4HAI(M, 


where  AHakmi  Is  the  partial  enthalpy  of  mixing  of  A1  at  infinite  dilution  in  M  and  AGR  the 
standard  Gibbs  free  energy  of  reaction  (4).  Note  that,  at  moderate  nr  high  values  of  the 
quantity  AGR  /  RT,  the  real  reactivity  consists  in  a  simple,  dissolution  of  the  oxide  substrate 
In  the  liquid  metal  and  not  In  an  oxido-reduction  reaction.  Thus,  the  term  AG‘R  /  RT  will  not 
be  used  to  quantify  the  real  reactivity  for  a  given  system,  but  only  to  establish  a  rouglt  scale 
of  relative  reactivity  for  different  systems, 

Expert  mental  contact  angles  0  taken  from  compilations  [1,9,10,1 1]  are  represented  in 
Figure  1  as  a  function  of  the  parameter  AGR  /  RT"  calculated  for  a  number  of  pure 
metai/oxide  couples  (see  [9]  for  more  details).  We  observe  that  an  increase  of  ACi'R  /  RT  is 


Figure  1  :  Experimental  contact  angles  versus  AGr  /  RT  for  pure  M/oxide  systems.  The 
reactivity  increases  from  right  to  left.  From  [9], 


Figure  2  :  Schematic  representation  of  the  reactive  wetting  of  a  metal  M  on  a  solid  S  with  the 
formation  of  a  reaction  product  P  according  to  the  model  of  Aksay  et  al.  [13]  :  variation  of 
the  contact  angle  with  time  at  a  constant  temperature  and  corresponding  sessile  drops. 
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correlated  with  an  increase  of  6,  Moreover,  at  high  values  of  AUj,  /  RT ,  0  tends  towards  a 
limit,  6»  140°,  a  value  typical  of  noble  metals  (e.g.  Au  and  Ag)  on  alumina  and  silica,  In 
the  same  way,  when  AG'R  /  RT-*  0,  0  decreases  steeply  and  perfect  wetting  can  be  reached 
(ex  :  Ti,  Zr/MgO).  A  similar  correlation  between  reactivity  and  wettability  has  already  been 
observed  by  Naid;  'h  [1]  and  by  Nicholas  [8]  using  the  function  AGR, 

In  the  nmu  section,  the  different  attempts  of  interpretation  of  reactive  wetting  will  be 
briefly  presented. 

3  ATTEMPTS  OF  THEORETICAL  DESCRIPTION  OF  REACTIVE  WETTING 

Despite  some  progress,  reviewed  by  Laurent  [12],  there  is  at  the  present  time  no 
theory  of  general  acceptance  capable  of  describing  satisfactorily  reactive  wetting,  that  is 
wetting  followed  by  material  transfer  at  the  solid/liquid  interface,  According  to  Laurent,  the 
smallest  contact  angle  possible  in  a  reactive  system  is  given  by  : 

■i 

COS0ra|„  =  COS 0q  -  -~x  -  —4.  (6) 

r'.;  '  lv 

where  90  is  the  contact  angle  of  the  liquid  on  the  substrate  in  the  absence  of  any  reaction, 
Aar  takes  Into  account  the  change  in  interfacial  energies  brought  about  by  the  interfacial 
reaction.  AGr  is  the  change  in  free  energy  per  unit  area,  released  by  the  reaction  of  the 
material  contained  in  the  “Immediate  vicinity  of  the  metal/substrate  interface"  [13], 

Two  different  interpretations  of  reactive  wetting  exist,  based  (I)  on  the  assumption  that 
the  predominant  contribution  is  the  Gibbs  free  energy  term  AGr  [1,13,14],  i.e.  a  parameter 
related  with  the  Intensity  of  interfacial  reactions,  and  (ii)  on  the  assumption  that  the 
predominant  contribution  is  the  interface  energy  term  Aor  [15,16,17],  i,e.  a  parameter 
related  with  the  detailed  chemistry  and  structure  of  inter  facial  leaction  products. 

3.1  Models  based  on  the  AG,  term 

This  contribution  to  reactive  wetting  was  first  proposed  by  Aksay  et  al.  [13]  and  by 
Naidich  [1]  who  considered  that  the  reaction  between  the  liquid  and  a  fresh,  unreacted,  solid 
surface  at  the  periphery  of  the  drop  increases  the  driving  force  for  wetting.  Aksay  et  al. 
argued  that,  because  the  rate  of  interfacial  reaction  is  maximum  at  the  very  first  instants  of 
contact  between  the  liquid  and  the  solid,  the  effect  of  the  AGr  term  is  strongest  during  these 
early  instants  of  contact.  Thereafter,  the  interface  becomes  saturated  in  reaction  products  and 
the  overall  reaction  is  controlled  by  diffusion.  Consequently,  the  reaction  kinetics  slow  down 
and  the  contact  angle  would  increase  and  gradually  approach  the  equilibrium  value  (Figure 
2).  Note  that,  in  practice,  such  a  dewetting  would  be  difficult  to  observe  as  the  triple  line  can 
be  blocked  by  asperities  (roughness)  created  by  the  reaction  itself  in  the  course  of  wetting, 

However,  major  difficulties  lie  in  the  calculation  of  the  AGr  term.  Indeed,  the 
coupling  conditions  of  the  time-dependent  interfacial  reaction  with  the  kinetics  of  wetting  are 
unknown.  As  a  consequence,  a  rigorous  calculation  of  the  thickness  of  the  reaction  zone  in 
"the  immediate  vicinity  of  the  interface"  is  still  not  possible  and  choices  differing  by  a  factor 
of  ten  have  been  made.  Clearly,  such  calculations  can  only  provide  order  of  magnitude 
estimates  of  AGr. 

Despite  these  difficulties,  Naidich  [1]  performed  calculations  of  AGr  assuming  that 
the  "reactive"  interface  consists  of  two  monolayers,  one  at  the  liquid-side  of  the  interface,  the 
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other  at  the  solid-side.  Supposing  that  chemical  equilibrium  in  this  region  is  reached  rapidly, 
AGr  is  estimated  by  : 


d(AGR) 

da 


■da 


(7) 


where  a  and  a*,  are  respectively  the  current  and  equilibrium  degrees  of  progress  of  the 
reaction  and  AGR  the  Gibbs  free  energy  of  the  reaction  per  unit  area.  Using  this  model, 
Naidich  calculated  AGr  for  some  M/oxide  reactive  systems  like  Sn/NiO,  Ti/MgO  and 
Zr/MgO  and  found  that  the  calculated  values  of  W,  agree,  within  a  factor  two,  with  the 
experimental  ones  [1].  This  agreement  suggests  that  AGr  represents  the  predominant 
contribution  to  reactive  wetting  and  that  an  Intense  reaction  is  required  to  obtain  a  good 
wetting  of  a  liquid  on  a  solid  [18,19],  Thus,  neglecting  the  Aor  term,  this  model  provides  an 
explicit  relation  between  wettability  and  reactivity  (equations  (6)  and  (7)),  relation  which 
seems  to  confirm  the  empirical  correlation  of  Figure  1. 

3.2  Models  based  on  the  Aor  term 

However,  using  such  a  purely  energetical  model,  it  is  not  possible  to  explain  many 
experimental  results  in  which  wettability  does  not  correlate  with  reactivity  via  the  AG,  term. 
To  illustrate  it,  two  types  of  experiments  will  be  now  presented,  each  of  the  A or  and  AGr 
terms  being  successively  kept  constant, 

a)  A  series  of  experiments  was  recently  carried  out  in  which  the  AGr  term  varied  while  the 
Aar  term  was  kept  constant  [17],  In  these  experiments,  the  wetting  of  a  CuPd-Ti  alloy  of 
fixed  composition  has  been  studied  on  three  oxide  substrates  of  different  thermodynamic 
stability  (alumina,  mullite  and  silica).  In  these  systems,  Ti  reacts  with  all  oxides  leading  to 
the  same  interfacial  product  (Ti-  03)  but  reactivity,  as  evidenced  by  the  thickness  of  the  Ti203 
layer,  differed  from  one  oxide  to  other  by  one  to  two  orders  of  magnitude.  Despite  this  great 
difference,  wettability  on  the  three  substrates  is  nearly  the  same  (Table  1).  In  this  example, 
wettability  correlates  with  interfacial  chemistry,  not  with  the  intensity  of  interfacia]  reactions. 

b)  In  another  discriminant  experiment,  the  inverse  situation  has  been  obtained,  i.e.  a  change 
of  interfacial  chemistry  occurs  at  a  fixed  value  of  the  Gibbs  free  energy  of  the  metal/ceramic 
reaction.  Adding  Ti  to  NiPd  alloys  placed  on  alumina  substrates,  a  series  of  wetting 
transitions  is  observed  at  particular  values  X^i,  with  a  change  in  the  type  of  Ti-oxide  formed 
at  the  interface  (Figure  3)  [20J.  Since  when  XTi  =  X'Tt  the  thermodynamic  driving  forces  for 
the  interfacial  reactions  are  the  same,  the  change  Ad  can  only  be  explained  by  a  change  in 
Aar. 


substrate 

on 

interfacial  product 

thickness  (urn) 

alumina 

34 

Ti203 

© 

1 

mullite 

32 

Ti20s 

-  l 

silica 

35 

TiiOs 

-  10 

Table  1  :  Wettability  and  interfacial  chemistry  of  CuPd-Tl  (XTi»0, 15)/oxide  sessile  drop 
experiments  at  T-1473K  [17], 
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Figure  3  :  Wetting  transitions  observed  at 
particular  values  of  the  molar  fraction  of  Ti 
for  the  reactive  NiPd-Ti/aJumina  system  at 
T  =  1523K.  Each  plateau  corresponds  to  a 
particular  Ti  oxide  identified  at  the 
interface  by  microprobe  analysis.  From 
[20]. 


From  these  two  studies  and  other  experiments  (on  Cu-T1/A1203  [15]  and  NiPd-Ti/C 
[16]),  one  can  conclude  that  at  least  in  metal/ceramic  systems  with  a  weak  or  moderate 
reactivity,  the  predominant  contribution  to  reactive  wetting  is  the  term  Aor,  reflecting 
interface  energy  change  during  the  reaction,  rather  than  the  transient  AGr  term.  Accordingly, 
an  interfacial  reaction  could  be  only  a  way  to  modify  in-sltu  the  metal/ceramic  interface.  In 
practice,  to  exploit  interfacial  reactions  as  a  means  of  promoting  wetting  without  causing 
massive  reactions  between  the  metal  and  the  ceramic,  one  can  alloy  a  non-reactive  base  metal 
with  controlled  quantities  of  reactive  solute  additions,  leading  to  the  optimum  relation 
between  wettability  and  reactivity.  Let  us  thus  consider,  at  a  given  temperature,  a  reactive 
solute  B  dissolved  in  a  non-reactive  matrix  M  on  an  oxide  substrate,  for  Instance  an  alumina 
substrate.  The  chemical  interaction  in  this  system  can  be  described  by  the  dissolution  of 
alumina  in  the  alloy  [15,21] : 

A1j03  <=s  2(A1)  +  3(0)  (9) 

possibly  followed  by  the  precipitation  of  a  B  oxide  at  the  interface,  for  example  : 

2(B)  +  3(0)  «*>  BjOj  (10) 

For  small  values  of  the  mole  fractions  of  B  and  Al,  the  equilibrium  mole  fraction  of  dissolved 
oxygen  xg  for  reaction  (9)  (the  superscript  D  stands  for  dissolution)  will  be  given  by  the 
equation : 

xg  «Kexp(-|figXB)  (11) 

where  K  is  a  constant  [21]  and  eg  Wagner's  first-order  interaction  parameter  between  the  O 
and  B  solutes  defined  by  the  equation  : 
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Figure  4  ;  Thermodynamics  of  matrix  M-solute  B/AI2Oj  systems  (eg  <0). 


-  curve  D  gives  the  logarithm  of  the  mole  fraction  of  oxygen  from  stoichiometric  dissolution 
of  alumina  in  MB  alloys  as  a  function  of  log  XB. 

-  curve  P  describes  logarithmically  the  variation  of  X0  in  equilibrium  with  as  a  function 
of  XB. 

a)  Only  dissolution  of  alumina  in  the  melt  occurs.  This  is  the  case  of  Ni-Cr  alloys  at 
T-1773K  [28], 

b)  The  solute  B  reduces  alumina  on  the  right  of  the  intersection  point  of  the  two  curves.  This 
occurs  for  Ni-Ti  at  T-  1773K  [29,30]. 


InYo  ■  •nyo(M)  +  EoXb+...  (12) 

where  Yo<M)  tmd  Y0  are  the  activity  coefficients  of  oxygen  in  pure  M  and  in  the  M-B  alloy 
respectively,  and  XB  the  molar  fraction  of  B  In  M,  The  more  highly  negative  eg,  the 
stronger  the  interaction  between  B  and  0,  and  for  sufficiently  high  values  of  XB,  Xg 
increases  rapidly  (equation  (11)):  strong  O-B  interactions  will  promote  alumina  dissolution  in 
the  melt,  as  expected  (curves  D  In  Figure  4). 

Moreover,  a  solute  B  satisfying  the  condition  eg  <  <0  can  also  lead  to  precipitation 
of  an  oxide  Bj03  by  reaction  with  the  excess  oxygen  in  the  alloy.  The  mole  fraction  of 
dissolved  oxygen  in  equilibrium  with  the  B20,  precipitate  (reaction  (10)),  denoted  xg,  is 
given  by : 

Xg  =  K'XB2/3exp(-egxB) 


(13) 
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Figure  5  :  Contact  angles  of  Ni-based 
alloys  on  alumina  as  a  function  of  Cr  or  Tl 
mole  fraction  for  Ni-Cr  [28]  (simple 
dissolution  of  alumina)  and  Ni-Ti  [29,30] 
(dissolution + precipitation  of  a  Ti  oxide)  at 
1773K. 


where  K1  is  a  constant  [21],  When  XB->0,  Xq  varies  as  Xj2/3,  i.o.  it  is  a  decreasing 
function  of  XB.  However,  at  higher  XB  values,  the  exponential  term  in  equation  (13) 
predominates  and  X&  increases  rapidly  with  increasing  XB  (curves  P  in  Figure  4),  Thus,  in 
both  cases  of  dissolution  and  precipitation,  the  concentration  of  dissolved  oxygen  increases 
above  a  certain  value  of  XB, 

If  for  the  same  value  of  XB  the  inequality  X§>Xq  holds,  the  solute  B  will  reduce  the 
alumina,  forming  BjO., : 

A1203  +2(B)«B203  +2<A1)  (14) 

This  condition  is  verified  for  the  Ni-Ti  alloy,  interactions  between  oxygen  and  titanium 
solutes  being  very  strong  (ej  =-100),  but  not  for  the  Ni-Cr  alloy  (E§r  ~-2J).  Indeed, 
additions  of  Cr  up  to  20  at,%  in  Ni  do  not  lead  to  the  formation  of  a  chromium  oxide  :  the 
only  effect  of  Cr  in  this  matrix  is  to  increase  the  dissolution  of  alumina  in  the  alloy,  As 
shown  in  Figure  3,  Cr  additions  in  Ni  considerably  decrease  the  contact  angle  of  Ni  on 
alumina.  The  influence  of  chromium  would  result  from  two  effects : 

a)  an  increased  concentration  of  dissolved  oxygen  due  to  interfacial  reactions,  i.e.  an 
increased  concentration  of  OM  clusters  which  can  be  adsorbed  at  the  metal/oxide  interface, 

b)  an  increased  adsorption  capability  of  the  OCr  clusters  as  compared  with  the  ONI  clusters. 
Indeed,  as  chromium  is  more  electropositive  than  nickel,  the  charge  transfer  from  chromium 
to  oxygen  (or,  in  other  terms,  the  degree  of  ionicity  of  OCr  clusters)  would  be  greater  than  In 
the  case  of  nickel  (on  this  point,  see  also  [22]). 

Note  that  for  a  solute  B,  the  thermodynamic  requirements  for  both  a  and  b  effects  are  the 
same,  i.e.  e®  <0, 

In  the  Ni-Ti/ Al:03  system,  due  to  strong  O-Ti  interactions,  OTi  clusters  in  Ni  must  be 
very  tensioactive  at  metal/oxide  interfaces,  However,  in  this  case,  one  must  also  take  into 
account  the  effect  on  wettability  of  the  formation  of  a  continuous  Ti203  layer  at  the 
nickel/alumina  interface  by  reduction  of  alumina.  Curiently,  it  is  generally 'accepted  that  the 
more  metallic  in  character  an  oxide  is,  the  more  it  will  be  wetted  by  molten  metals  [1,8]. 
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This  effect  clearly  appears  in  the  results  of  Table  2,  concerning  non-reactive  Cu/oxide 
systems,  the  metallic-like  oxide  T10  being  more  wettable  than  an  iono-covalent  oxide  like 
A1203.  Thus,  in  the  Ni-Ti/Al203  system,  the  replacement  of  A1203  by  the  semi-metallic 
oxide  Ti203  must  increase  W,  and  decrease  6.  The  combination  of  these  two  effects,  i.e.  (a) 
adsorption  of  OTi  clusters  at  the  liquid-side  of  the  interface  and  (b)  formation  of  a  semi- 
metallic  oxide  such  as  Ti203  at  the  solid-side  of  the  interface  can  explain  the  strong  decrease 
in  contact  angle  caused  by  Ti  additions  in  Ni  (Figure  5). 

This  influence  of  Tl  is  even  greater  in  the  case  of  Cu-Ti  alloys  on  alumina  [13,19] 
where,  due  to  the  higher  thermodynamic  activity  of  Tl,  the  metallic-like  TiO  oxide  is  formed 
at  the  interface.  In  that  case,  wetting  becomes  nearly  perfect  (Figure  6-curve  2),  as  opposed 
to  the  Cu-Ti/Y202  system  [19]  (Figure  6-curve  1)  where  only  dissolution  of  Y203  into  Cu-Ti 
alloys  ocours,  producing  a  significant  but  limited  decrease  of  8  (from  140s  to  80°). 

Unlike  the  effect  of  Ti  additions,  adding  Ca  to  A1  on  Al203  or  Si02  substrates  has  no 
effect  on  wetting,  in  spite  of  the  formation  of  CaO  at  the  interface  [23],  Indeed,  the  iono- 
covalent  substrate  Is  now  replaced  by  an  oxide  of  the  same  type. 


Oxide 

Conduction  type 

0(°) 

W.  (mJ/m2) 

AI2O3 

insulator 

128 

460 

ThOs 

semi-metallic 

113 

740 

TiOl.14 

metallic 

82 

1460 

TiOo.se 

metallic 

72 

1650 

Table2  :  Contact  angle  and  work  of  adhesion  of  copper  on  different  oxides  at  T-1423K  [1], 


Tl 


Figure  6  :  Wetting  and  work  of  adhesion 
of  Cu-Ti  melts  on  Y205  and  AU03  at 
T-1423K  from  [19].  Reactivity  consists  In 
a  simple  dissolution  of  the  oxide  substrate 
in  the  first  case,  and  in  u 
dissolution 4- precipitation  of  a  Ti  oxide  at 
the  interface  in  the  second  case. 
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4  INTERPRETATION  OF  RESULTS  ON  PURE  M/OXIDE  SYSTEMS 

Based  on  the  conclusion  that  the  predominant  contribution  to  reactive  wetting  is  the 
Aor  term,  three  kinds  of  behaviour  can  be  distinguished  on  the  curve  of  Figure  1  : 

1)  For  AG‘r  /  RT  >  >0,  that  is  typically  for  values  of  20  or  more,  M/oxide  couples  can  be 
considered,  with  regard  to  wettability,  as  non-reactive  systems  (i.e.  Aar»0).  In  that  case, 
non-wetting  is  observed  (03120°)  and  the  work  of  adhesion  W„  comes  from  metal/oxide 
Interactions  localized  at  a  sharp  interface  and  represents  only  a  small  fraction  of  the  work  of 
cohesion  of  the  corresponding  metal  (typically  25%). 

2)  For  positive  but  low  values  of  AGj,  /  RT  (of  the  order  of  10),  the  corresponding  contact 
angles  lie  between  60°  and  100°.  A  typical  example  is  Cu/NiO  (0»6B°  at  1473K) 
(Eq1  -  -7).  Thermodynamic  calculations  performed  at  equilibrium  lead  to  the  following  value 
nf  the  molar  fraction  of  oxygen  coming  from  the  dissolution  of  NiO  [9]  :  X%  =*  xft,  =  1.5 
10'2.  Xq  Is  not  high  enough  to  produce  precipitation  of  the  copper  oxide  Cu20  (Xq*4 
10‘2).  Thus,  the  only  possible  effect  in  the  Cu/NlO  system  is  the  adsorption  of  dissolved 
oxygen.  This  adsorption  leads  to  a  much  lower  contact  angle  than  for  the  Cu/Al203  system 
[6]  for  the  same  value  of  Xu  (68°  against  100°).  This  can  be  explained  by  an  increased 
adsorption  capability  of  ONI  clusters  with  respect  to  OCu  clusters,  as  indicated  by  the 
negative  value  of  Eq1  . 

Wettability  in  systems  like  Sn/Fe304  (ejj*  «-50  (24]),  Cu/FojO*  (Uq  »-540  (24J)  or 
Fe/Cr203  (e§r « - 10  (25])  can  be  Interpreted  in  the  same  way.  Moreover,  the  positions  of  the 
A1/A1203  and  Si/Al203  systems  on  Figure  1  suggest  that  these  couples,  considered  previously 
as  non-reactive  systems  [10],  fall  into  the  same  category,  in  spite  of  the  very  low  solubility  of 
oxygen  in  A1  and  Si  respectively. 

3)  For  values  of  AGR  I  RT  close  to  zero  or  negative,  reaction  produces  a  new  phase  at  the 
interface.  Nevertheless,  wettability  will  depend  on  the  bonding  character  of  this  interfacial 
layer  and  two  cases  can  be  distinguished  : 

3. a)  The  first  case  corresponds  to  the  replacement  at  the  interface  of  an  iono-covalent 
oxide  by  another  of  the  same  type,  For  this  kind  of  systems,  no  important  improvement  of 
wetting  is  expected.  A1  on  Si02  provides  an  example  of  intense  reactivity,  involving  the 
reduction  of  Si02  to  form  A1203  at  the  interface,  and  a  slight  liquid  enrichment  in  Si.  As  the 
iono-covalent  oxide  S102  is  replaced  by  an  oxide  of  the  same  type,  the  contact  angle  of  A1  on 
Si02  (0«8O±5°  at  1073K)  is  therefore  close  to  that  of  Al  on  Al203  (26,27).  The  same 
explanation  is  valid  for  the  Al-Ca  on  A1203  or  Si02  systems  previously  mentioned,  for  which 
Ca  additions  do  not  improve  wetting  because  the  Interfacial  product  (CaO)  has  roughly  the 
same  bonding  character  than  the  substrate. 

3.b)  The  second  case  corresponds  to  the  replacement  at  the  interface  of  an  iono- 
covalent  oxide  by  a  metallic  one.  A  typical  example  of  this  situation  is  Ti/MgO  [1],  Liquid 
titanium  can  dissolve  a  large  quantity  of  oxygen  (a  few  at,%  O)  and  form  a  metallic-like 
oxide,  such  as  TiO,  even  solid  solutions  of  Ti  with  high  oxygen  contents.  The  perfect  wetting 
observed  for  this  system  (Figure  1)  can  be  explained  by  the  double  in-situ  modification  of  the 
Interface  :  the  adsorption  of  oxygen  at  the  liquid-side  and  the  formation  of  a  metallic-bonded 
phase  at  the  solid-side. 

These  features  can  also  explain  the  excellent  wetting  obtained  for  Sn  on  NiO  or  CoO 
(Figure  1).  The  reduction  of  these  substrates  by  liquid  Sn  is  possible  and  the  amount  of 
dissolved  Ni  or  Co  produced  by  this  reaction  Is  greater  than  that  needed  to  precipitate  the 
Intermetallics  Ni3Sn  or  Co3Sn2  at  the  temperature  of  the  experiment. 
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5  CONCLUSION 

For  systems  with  weak  or  moderate  reactivity,  the  governing  parameter  of  reactive 
wetting  appears  to  be  the  term  reflecting  interfacial  energy  change  Aor,  rather  than  the 
transient  Oibbs  free  energy  term  AGr.  However,  the  importance  -and  even  the 
predominance'  of  this  last  term  must  not  be  excluded  in  some  cases,  for  instance  when  an 
intense  reaction  strongly  localized  at  the  triple  line  occurs. 

Pure  metal/oxide  systems  can  be  divided  into  three  categories : 

1)  In  systems  for  which  AG'R  /  RT>  >0  (typically  greater  than  20),  9  is  about  120°,  Weak 
metal/oxide  interactions  are  localized  at  a  sharp  interface. 

2)  In  systems  characterized  by  AGR  /  RT  « 10,  an  improvement  of  wetting  is  obtained  with 
regard  to  the  preceding  case  (9»  80°),  due  to  the  effect  of  adsorption  at  the  interface  of 
oxygen,  produced  by  the  dissolution  of  the  oxide  substrate.  This  effect,  which  is  greatly 
enhanced  by  the  formation  of  mcUI-oxygen  clusters,  leads  to  energetically  moderate 
Interfaces. 

3)  When  AGR  /  RTsO,  both  dissolution  of  the  oxide  substrate  and  precipitation  of  a  new 
phase  at  the  interface  occur.  Wetting  will  depend  on  the  nature  of  this  new  phase  :  for  Iono- 
covalent  compounds,  a  case  2)  benavlour  will  be  observed  whereas  for  metallic  compounds 
(mctalllc-likc  oxides  or  Intermetallics),  nearly  perfect  wetting  can  be  expected  associated  with 
energetically  strong  interfaces. 

In  order  to  produce  a  strong  improvement  of  wetting  of  a  non-reactive  metal  by  an 
alloying  element  B,  two  conditions  have  to  be  satisfied  : 

a)  The  thermodynamic  parameter  e§  must  be  very  negative.  Then,  the  solute  B  can  modify 
both  liquid  and  solid  sides  of  the  Interface,  forming  at  the  liquid-side  an  adsorption  layer  rich 
In  OB  clusters  and  at  the  solid-side  a  new  phase. 

b)  This  new  phase  must  be  at  least  partially  metallic-bonded. 

Despite  the  significant  improvements  in  our  knowledge  of  reactive  wotting  In 
metal/ceramic  systems  gained  in  the  last  few  years,  further  work  is  needed,  especially  for  the 
very  reactive  couples  In  order  to  evidence  experimentally  and  to  model  theoretically  the 
transient  contribution  to  the  wetting  driving  force,  AG , ,  predicted  by  general  considerations. 
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ABSTRACT 

This  paper  reviews  the  effects  of  chemical  bonding,  reaction,  interfncinl  structure, 
fabrication,  specimen  geometry  and  testing  conditions  on  the  strength  and  fracture  behavior  of 
metal/ceramic  interfaces,  It  is  shown  that  a  number  of  important  properties  of  metal/ceramlc 
interfaces  such  as  die  wetting  behavior  and  work  of  adhesion  can  be  qualitatively  predicted  from 
simple  bonding  models  based  on  the  elements  in  the  metal  and  ceramic,  In  addition,  the 
interfacial  structure  can  often  be  predicted  from  principles  of  equilibrium  thermodynamics  and 
minimization  of  Interfacial  energy  for  relatively  thlok  metal/ceramlc  layers,  More  quantitative 
description  of  interfacial  structure  employing  atomistic  calculations  has  been  performed  for 
simple  Interfaces  and  this  area  Is  progressing,  The  fracture  behavior  of  metal/ceramic  interfaces 
is  a  complicated  process  which  depends  on  many  factors  such  as  the  specimen  geometry  and 
loading  conditions,  strength  of  die  interfacial  bond,  thermal,  elastic  and  fracture  properties  of 
the  metal  and  ceramic,  thickness  of  the  metal  layer  and  testing  environment,  Advances  in  this 
area  include  the  development  of  favorable  specimen  geometries  for  measuring  interface 
properties  and  an  understanding  of  the  relationship  among  the  phase  angle  of  loading,  crack 
trajectory  and  interface  fracture  energy  for  these  geometries,  Conversely,  little  Is  known  uboitt 
the  stress  corrosion  and  fadgue  behavior  of  metal/ceramlc  Interfaces  although  data  on  these  time 
dependent  failure  modes  are  beginning  to  appear  in  the  literature,  Much  progress  has  been  made 
but  considerably  more  work  Is  needed  to  understand  the  properties  of  metal/ceramlc  Interfaces, 

INTRODUCTION 

Understanding  the  relationship  among  the  processing,  structure  und  properties  of 
metal/ceramlc  interfaces  Is  becoming  increasingly  important  as  performance  requirements 
demand  a  combination  of  these  matei  litis  in  applications  ranging  from  electronic  packaging  to 
high-temperature  aircraft  structures  [1],  The  purpose  of  this  review  is  to  assess  the  current 
understanding  of  the  relationship  among  the  processing,  structure  and  properties  of 
nteul/csramlo  interfaces,  emphasizing  work  on  planar  metal/ceramic  interfaces  produced  by 
diffusion  bonding.  This  particular  area  was  chosen  in  order  to  focus  the  review  und  becuuse 
considerable  work  has  been  performed  on  this  type  of  interface.  However,  It  is  importent  to 
note  thut  many  of  the  topics  that  are  discussed  in  this  review  upply  to  other  types  of 
metal/ceramlc  Interfaces. 

Table  I  lists  some  of  the  main  factors  that  are  involved  in  fabricating,  testing  und 
understanding  the  behavior  of  metul/cerumic  interfaces.  There  are  sixteen  subheadings  in  this 
list,  and  it  is  not  all  inclusive,  which  serves  to  illustrate  the  complexity  of  the  problem.  The 
topics  In  Table  I  were  divided  Into  three  categories  for  convenience  und  this  review  largely 
follows  the  order  of  topics  shown  in  Table  I, 

CHEMICAL  BONDING 

Chemical  bonding  Is  defined  us  bonding  in  which  there  i:;  only  charge  transport  us  opposed 
to  muss  transport  across  a  metul/eeramic  interface,  Excellent  reviews  of  this  subject  with  regurd 
to  metal/ceramic  Interfaces  have  been  published  [2,3],  The  purpose  of  the  following  discussion 
is  to  outline  some  physical  principles  which  can  be  used  to  understand  chemical  bonding  at 
mctal/cetamic  interfaces. 
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Table  I.  Some  factors  involved  in  the  behavior  of  diffusion  bonded  metal/ceramic  interfaces. 


I.  Chemical  Bonding 

a.  Surface  energies  of  metal  and  ceramic 

b.  Interfaoial  energy  and  work  of  adhesion 

c.  Experimental  measurement  and  calculation  of  work  of  adhesion 

d.  Orientation  relationships  across  metal/ceramic  interfaces 

e.  Segregation  to  metal/ceramic  interfaces 

f.  Effect  of  the  above  on  interface  proerdes 

II.  Chemical  Reaction 

a.  Thermodynamics  of  reaction 

b.  Kinetics  of  reacdon 

c.  Bonding  conditions  -  time  temperature,  pressure,  surface  roughness 

d.  Effect  of  reaction  layer  on  properties 

III.  Fracture  Behavior 

u.  Geometry  of  test  specimen 

b.  Fracture  energy  (toughness)  of  interface 

c.  Dependence  of  crack  path  on  mode  of  loading,  elastic  properties  of  metal  and 
ceramic,  metal  thickness,  reaction  layer,  etc. 

d.  Residual  stresses 

e.  Stress  corrosion  cracking 

f.  Fatigue 


Surface  Energies  of  Metals  and  Ceramics 

Bnergy  is  required  to  create  a  solid  or  liquid  surface  because  the  surface  utoms  or  ions 
experience  unbalanced  bonding  forces.  This  Imbalance  Is  reflected  in  a  number  of  phenomena 
whioh  allow  experimental  measurement  of  surface  energies  [4].  Experimental  values  for  the 
surface  energies  of  solid  metals  have  been  correlated  with  physical  property  data  such  as  the 
heat  of  sublimation  und  modulus  of  elasticity  [5,6],  Surface  energies  of  metals  generally 
Increase  linearly  with  the  heat  of  sublimation  ranging  from  about  1-3  J/m1  and  decrease  linearly 
with  temperature  at  about  0.02%/K,  Experimental  measurements  of  the  surfuce  energies  of 
ceramics  are  less  abundant  thun  those  or  metals  but  they  tend  to  range  from  about  0,5-1  )/mJ 
and  display  a  similar  correlation  with  the  modulus  of  elasticity  [3]. 

Metal/Cemmlc  Interfaclnl  Energy  and  Work  of  Adhesion 

The  driving  force  for  tire  formation  of  a  metal/ceramic  interface  Is  the  decrease  In  free  energy 
AG  that  occurs  when  Intimate  contact  Is  established  between  the  metul  and  ceramic.  In  the  case 
where  only  chemical  bonding  occurs  at  the  Intefuce  und  interfacial  separation  proceeds  without 
plastic  deformation  of  the  metul  or  cerumic,  the  change  In  free  energy  AO  is  identical  to  the 
work  of  adhesion  W«i  required  to  separate  a  unit  area  of  Interface  into  the  two  original  surfaces, 
In  this  case  the  relationship  between  the  interfucial  energy  Vmtl  und  work  of  adhesion  Is  given  by 
the  equation  14,7]: 


Vmc  ■  Vm  +  V,  -  Wjg  (1) 

where  Vm  und  Vo  are  the  surface  energies  of  the  metal  and  ceramic,  respectively.  Equation  (1) 
shows  that  Vinc  decreases  us  W,u  increases  and  that  strong  metal/ceramic  interfaces  ore  generally 
low  energy  Interfaces.  Another  useful  relationship  is  given  by  the  equation: 
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=  Vm  ( 1  +  cos  0)  (2) 

where  3  is  the  contact  angle  between  the  metal  and  ceramic.  Equations  (1)  and  (2)  provide  a 
number  of  useful  Insights  into  the  behavior  of  metal/ceramic  Interfaces.  For  example,  Eqn.  (2) 
Indicates  that  the  work  of  adhesion  increases  with  the  surface  energy  or  melting  point  of  the 
metal  and  this  is  observed  experimentally  [2,3].  Equation  (1)  also  shows  that  there  is  little 
chance  of  producing  a  strong  metal/ceramic  Interface  when  both  Vm  and  are  tow  and  that  a 
high  value  of  Vm  may  be  necessary  to  produce  a  strong  Interface  if  V0  is  very  low. 

Further  qualitative  estimates  of  the  wetting  characteristics  of  ceramics  by  Metals  can  be 
obtained  by  using  a  relationship  such  as  that  of  Pauling  [8]  between  the  ioniclty  and 
electronegativities  of  the  component  elements.  In  general,  highly  ionic  ceramics  should  be 
difficult  to  wet  since  their  electrons  are  tightly  bound  and  their  surfaces  represent  large 
discontinuities  in  charge.  Such  behavior  is  supported  by  experiment  [3,9],  where  the  contact 
angle  tends  to  increase  in  proportion  to  die  ioniclty  (heat  of  formation)  of  the  ceramic.  Metallic 
and  covalent  bonds  are  similar  In  character  and  covalently  bonded  ceramics  should  be  more 
easily  wet  by  metals  than  highly  ionic  ceramics  and  this  is  also  supported  by  experiment  [10]. 
Some  fairly  simple  relationships  to  estimate  the  work  of  adhesion  of  both  oxtde  and  non-oxide 
ceramics  have  been  developed  [11-13],  More  quantitative  data  has  recently  been  obtained  for 
some  model  metal/ceramic  interfaces  such  as  Ag/MgO  and  TI/MgO  using  ab  Initio  local  density- 
functional  calculations  and  Image  potentials  [14]  and  this  area  of  research  is  advancing  rapidly. 


Orientation  Relationships  at  Metal/Ccrarnic  Interfaces 

Orientation  relationships  have  been  observed  to  form  across  many  chemically  bonded 
metal/ceramic  interfaces  [13-17]  similar  to  the  case  of  metal/metal  interfaces  [18-20].  The 
orientation  relationships  result  from  Interfacial  energy  minimization,  Including  the  effects  of 
strain,  and  law-energy  close-packed  planes  and  directions  are  often  found  to  align  between  the 
metal  and  ceramic  across  the  interface.  Exceptions  to  this  have  been  found  in  the  case  of  some 
noble  metals  on  ionic  crystals,  where  alignment  of  close-packed  rows  of  atoms  dominate  the 
intcrfaclal  structure  [16].  Slight  deviation  of  an  interface  away  from  a  perfect  low-index 
interface  plane  can  be  accommodated  by  periodic  steps  In  the  interface  and  misfit  dislocations 
ran  also  form  at  metal/ceramic  Interfaces  to  accommodate  differences  in  lattice  parameters  or 
orientation  across  the  interface  [211.  To  first  approximation,  if  appears  that  prediction  of  the 
interfaclal  structures  of  a  number  of  metal/ceramic  interfaces  can  be  approached  using  some  of 
the  same  geometrical  techniques  that  have  been  established  for  Interphase  boundaries  in 
metal/metal  systems  with  appropriate  consideration  for  the  possibly  dominant  influence  of  the 
nonmetallic  component  in  the  ceramic  [22-24],  Exceptions  to  this  do  occur,  and  in  these  cases 
predictions  must  employ  other  models  or  atomistic  calculations. 

Segregation 

The  theory  of  impurity  segregation  to  surfaces  and  grain  boundaries  in  metals  is  well 
understood  and  several  different  models  have  been  proposed  to  predict  segregation  behavior  [4- 
6,23-27].  The  theory  is  less  well  developed  for  ceramics  but  considerable  progress  has  been 
made  [28].  In  contrast,  the  theory  of  impurity  segregation  to  heterophuse  interfaces  in  metals 
has  just  recently  been  developed  [29]  and  there  are  currently  no  quantitative  theories  to  predict 
segregation  behavior  to  metal/ceramic  interfaces,  which  is  even  more  complicated  due  to  the 
nature  of  the  metal/ceramic  bond.  Segregation  is  known  to  occur,  as  demonstrated  by  the 
formation  of  various  reaction  products  at  interfaces  in  metal/ceramic  composites  [30]  and  by  the 
addition  of  Ti  to  Ag-braze  alloys  [31],  for  example.  Segregation  should  occur  to  metal/ceramic 
interfaces  when  it  results  in  a  decrease  in  the  interfacial  energy.  In  the  case  of  metals, 
segregation  has  been  found  to  depend  on  the  bond  energy,  the  elastic  strain  energy  and  the 
enthalpy  of  mixing  of  the  Impurity  element,  and  similar  factors  may  be  Important  In 
understanding  the  segregation  of  impurities  to  metal/ceramic  interfaces.  Considerably  more 
work  is  needed  to  understand  this  area. 
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Effect  on  Interface  Properties 

Evaluation  of  the  correlation  between  the  interfacial  strength  and  bonding  reported  for  many 
metal/ceramic  systems  is  difficult  because  the  interfacial  structure,  extent  of  reaction  at  the 
Interface  and  the  testing  techniques  used  to  measure  the  interface  strength  vary  considerably, 
There  have  been  very  few  studies  where  all  of  these  features  have  been  sufficiently  controlled  to 
fully  establish  this  correlation,  However,  some  data  on  reasonably  well-characterized 
metal/AhOs  systems  support  the  bonding/strength  relationships  discussed  above.  For  example, 
work  on  Nb/AhOj  single-crystal  interfaces  [32,33]  has  shown  that  the  interface  fracture  energy 

a  best  when  the  metal/ceramic  Interface  parallels  the  close-packed  planes  and  directions  ana 
t  decreases  for  other  orientations,  as  expected  from  the  viewpoint  of  Interfacial  energy 
minimization.  Further,  room-temperature  tensile  data  on  various  metal/Al^Oj  systems  Indicates 
that  the  Interfacial  strengths  increase  with  the  work  of  adhesion  and  melting  points  of  the  metals 
as  predicted  from  Eqn.  (2),  Lastly,  data  for  the  maximum  strengths  of  several  pure  metals  and 
ana  Ni  alloys  versus  the  0  affinity  of  the  metals  or  alloying  elements  shows  that  the  chemical 
affinities  of  the  elements  across  the  Interface  can  be  used  to  estimate  the  strengths  of 
metal/ceramic  interfaces  in  some  systems  [34],  again  In  agreement  with  the  principles  described 
previously.  In  summury,  it  appears  that  the  qualitative  bonding  arguments  presented  above  are 
generally  useful  for  estimating  the  behavior  of  many  metul/ccramie  Interfaces  although  it  is  much 
more  difficult  to  be  quantitative  about  such  relationships. 


CHEMICAL  REACT  ION 

Chemical  reaction  occurs  when  there  is  muss  transfer  across  on  interface  and  this  often  leuds 
to  the  formation  of  Interfacial  reaction  layers  with  properties  that  differ  from  those  of  either  the 
metal  or  ceramic  components.  Such  reaction  products  can  have  a  drastic  effect  on  the  Interface 
properties.  Whether  or  not  new  phases  form  depends  on  the  thermodynamic  properties  of  the 
mctul/ceramic  system  and  on  the  reaction  conditions  such  as  time,  temperature,  pressure  and 
atmosphere.  This  section  begins  with  discussion  of  the  thermodynamic  and  kinetic  aspects  of 
chemical  reaction,  and  this  Is  followed  by  the  effects  of  bonding  conditions  and  reaction  layers 
on  Interface  properties. 

Thermodynamics  ,of  Chemical  Rcmatlcn 

The  driving  force  for  chemical  reaction  is  the  chemical  potential  of  the  the  atomic  species 
involved.  Although  chemical  reaction  Is  an  Irreversible  process,  chemical  reaction  ut 
metal/ceramlc  Interfaces  Is  usually  considered  from  the  viewpoint  of  equilibrium 
thermodynamics,  whore  the  possible  reaction  products  and  conditions  for  chemical  reaction  arc 
determined  from  equilibrium  thermodynamic  data  available  for  various  systems  us  a  function  of 
time,  temperature  and  pressure  [35],  Excellent  reviews  of  chemical  reaction  at  metal/ceramlc 
interfaces  have  been  published  by  Klonip  [2,33,36]  with  emphasis  on  two  important  cases  of 
reaction;  namely,  when  there  Is  a  reduction-oxidation  reaction  with  accoinpunylng  dissolution  of 
one  ur  both  of  the  ceramic  elements  into  the  metal  and  when  there  is  a  highly  reactive  metal  and 
ceramic.  Several  Important  points  that  arise  from  these  analyses  are  that  in  metal/ceramlc 
systems  where  the  ceramic  contains  a  gaseous  species,  such  as  AI2O3  and  SI3N4,  the  reaction 
can  be  controlled  by  changing  the  activity  of  the  gaseous  species  In  the  surroundings.  In 
addition,  In  many  situations,  the  compressive  loads  applied  during  fabrication  of  metal/cerutnic 
interfaces  establishes  Intimate  contact  at  the  interface  which  cun  prevent  gaseous  species  from 
reaching  the  interface.  Lusdy,  the  thermodynamics  of  some  systems  predict  reaction  under  all 
conditions  so  that  the  reaction  cannot  be  controlled  by  outside  means, 

Warren  and  Andersson  [37]  have  reviewed  the  equilibrium  thermodynamics  of  SiC  with  a 
number  of  common  metals  and  they  provide  a  simple  scheme  to  divide  metal/ceramic  interfaces 
into  two  classes,  reactive  and  stable,  based  on  the  phase  diagrams  of  the  systems.  In  reuctivo 
systems,  SIC  reacts  with  the  metal  to  form  silicides  and/or  carbides  and  C,  with  reactive  metals 
including  Ni,  B,  Ti,  Cr,  Fe,  Zr,  Nb,  Mo,  Tn  and  W,  The  most  important  characteristic 
associated  with  the  phase  diagram  of  a  reactive  system  is  that  a  two-phuse  field,  which  shows 
SIC  in  equilibrium  with  the  metal,  does  not  exist  in  the  ternary  phase  diagrams  for  these 
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elements.  In  contrast,  for  stable  systems,  SIC  and  a  metal  can  coexist  thermodynamically  and  a 
two-phase  Held  exists  in  the  ternary  diagram.  Examples  of  this  are  SiC  with  the  metals  Al,  Au, 
Ag,  Cu,  Mg,  Pb,  Sn,  and  Zn.  Thus,  equilibrium  thermodynamics  are  quite  useful  for 
determining  whether  or  not  reaction  is  likely  in  relatively  thick  metal/ceramlc  couples.  However, 
the  effects  of  stress  on  the  thermodynamics  of  thin  films  and  interfaces  are  just  beginning  to  be 
understood  [38]  and  this  is  an  area  associated  with  reaction  at  metal/ceramlc  interfaces  that  has 
not  been  examined. 

Kinetics  of  I  reaction 

Most  kinetic  data  on  relatively  thick  (greater  than  one  micrometer)  reactive  metal/ceramic 
interfaces  indicate  that  reaction  can  usually  be  described  by  a  simple  parabolic  growth  law 
[37,3942].  Parabolic  growth  indicates  that  the  reaction  is  diffusion  controlled  and  the  parabolic 
rate  equation  is; 


x  -  kt'«  (3) 

where  x  Is  the  average  thickness  of  the  reaction  layer,  k  Is  the  parabolic  rate  constant  and  t  is  the 
reaction  time  a  particular  temperature  [43].  Certain  alloying  additions  to  Ti  in  Ti/TiB2 
composites  were  found  to  reduce  the  parabolic  rate  constant  by  more  than  an  order  of  magnitude 
and  this  is  one  way  to  control  chemical  reaction  [42].  Kinetic  data  for  reaction  layers  which  are 
discontinuous  or  only  tens  of  nanometers  thick  have  not  been  studied  systematically  and  it  Is  not 
known  if  these  initial  reaction  layers  display  parabolic  growth  behavior. 

Bonding  Conditions 

In  many  metal  systems  such  as  Al,  it  is  not  possible  to  reduce  the  stable  oxide  film  at  the 
metal/ceramlc  interface  in  a  reasonable  time  below  the  melting  temperature  and  the  solubility  is 
too  low  to  effect  dissolution  into  the  metal.  Hence,  in  order  to  present  a  nascent  metal  surfao  to 
the  ceramic  for  bonding.  It  is  necessary  to  destroy  the  oxide  film  by  plastic  deformation  of  the 
metal  during  the  bonding  process.  The  main  variables  in  the  bonding  process  are  the  pressure, 
temperature,  time  and  surface  roughness.  These  variables  are  not  independent,  but  they  are 
discussed  separately  below  in  order  to  emphasize  the  most  important  factors  associated  with 
each  one, 

In  addition  to  establishing  contact  between  the  metal  and  ceramic,  an  important  role  of 
pressure  is  to  destroy  the  surface  oxide  on  the  metal  and  this  has  a  large  effect  on  the  integrity  of 
the  metal/ceramic  bond  [4447].  The  exact  pressure  that  is  needed  depends  on  the  metal/ceramic 
system,  thickness  of  the  metal  layer  and  on  the  bonding  temperature.  In  general,  good  bonding 
is  favored  by  a  relatively  high  pressure  which  reduces  the  thickness  of  the  metal  layer  by  at  least 
a  factor  of  four  [46], 

Temperature  increases  interaction  across  a  metal/ceramic  interface  by  increasing  the  mobility 
of  atoms  and  also  the  mobility  of  dislocations  in  the  metal  during  bonding.  Since  the  mobility  of 
dislocations  increases  with  temperature  and  the  flow  stress  correspondingly  decreases,  the 
pressure  required  for  bonding  decreases  with  increasing  temperature  [45,46].  Therefore,  an 
increase  in  bonding  temperature  should  generally  enhance  bonding  of  a  metal/ceramic  interface 
for  a  given  pressure  and  time,  provided  that  the  time  is  sufficiently  short  to  prevent  development 
of  detrimental  reaction  products  at  the  metal/ceramic  Interface.  Data  on  various  metal/A^Oj 
systems  shows  that  there  is  a  direct  correlation  between  the  percent  of  bonded  interface  on  the 
temperature  and  deformability  of  the  metals  and  that  in  most  cases  a  temperature  of  at  least  0.9 
of  the  melting  point  of  the  metal  is  necessary  for  good  bonding  (strength)  c»  the  interface 
[2,3,45], 

A  relatively  short  bonding  time  is  usually  required  to  form  a  strong  bond  between  a  metal 
and  ceramic  under  temperature  and  pressure  conditions  that  are  sufficiency  high  to  cause  rapid 
deformation  of  the  metal  [47],  In  the  case  of  chemical  bonding,  the  time  required  to  deform  the 
metal  is  often  the  limiting  parameter.  For  the  case  of  chemical  reaction,  the  time  that  the 
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temperature  and  pressure  are  applied  can  have  a  great  effect  on  the  interface  properties  and  a 
high  deformation  rate  and  short  bonding  time  help  to  limit  the  formation  of  thick  reaction  layers. 

When  a  surface  is  rough,  deformation  of  the  metal  differs  neatly  from  the  case  of  a  smooth 
surface,  which  was  assumed  above.  In  general,  asperities  prevent  large-scale  plastic 
deformation  at  th.  surface  because  the  metal  is  anchored  between  the  asperities.  This  greatly 
limits  the  development  of  nascent  metal/ceramic  contact  and  adversely  affects  the  strength  of  the 
interface  [44,46].  Techniques  such  as  friction  and  ultrasonic  bonding  [481  tend  to  break  up 
surface  oxides  and  HU  in  holes  and  defects  in  the  surface  and  these  techniques  show  potential 
for  minimizing  chemical  reaction  and  breaking  up  tenacious  surface  oxides  in  chemically 
reactive  systems. 


Effect  of  Reaction  Laver  on  Properties 

The  effect  of  a  reaction  layer  on  the  interface  strength  depends  on  a  number  of  factors  such 
as  the  mechanical  properties  of  the  reaction  layer,  its  thickness  and  morphology,  the  strength  of 
the  interfacial  bond  and  die  mode  of  loading  at  the  interface,  Many  of  these  factors  are  discussed 
in  the  following  section  so  that  only  the  effect  of  the  thickness  of  the  reaction  layer  Is 
emphasized  here.  Reactions  formed  nt  metal/ceramic  interfaces  include  solid  solutions, 
amorphous  phases,  crystalline  pha-es  with  low-energy  orientation  relationships  with  the  metal 
and  ceramic  as  well  as  crystalline  phases  with  no  apparent  orientation  relationship  [47,49-51], 
Each  of  these  reaction  products  produces  u  different  type  of  interface  between  the  metal  and 
ceramic  and  the  relative  effectiveness  of  these  various  types  of  reaction  products  on  the  strength 
of  mctal/ccramlc  Interfaces  is  not  fully  understood,  However,  most  reaction  layers  are  brittle  and 
therefore  potentially  detrimental  to  the  interface  properties. 

Metcalfe  [42]  established  a  theoretical  framework  for  understanding  the  effect  of  reaction 
layer  thickness  and  properties  on  the  fracture  behavior  of  Ti-B  filament  composites  and  some  of 
the  fracture  mechanics  concepts  associated  with  these  results  are  pertinent.  In  tills  system, 
reaction  resulted  in  growth  of  a  T1B2  layer  at  the  interface  and  the  mechanical  properties  were 
analyzed  assuming  that  the  tlaw  size  for  crack  initiation  is  proportional  to  the  reaction  layer 
thickness,  that  cracks  do  not  initiate  in  the  matrix  and  that  the  distribution  of  flaws  in  the  B 
filament  is  constant  as  the  reaction  layer  thickens.  When  the  reaction  layer  is  thin,  the  size  and 
quantity  of  flaws  In  this  layer  is  less  than  the  existing  population  in  the  filament  and  fracture  is 
controlled  by  the  filament,  As  the  reaction  layer  thickens,  a  point  is  readied  where  the  stress 
intensity  associated  with  a  reaction  zone  cracks  exceeds  that  in  the  filament  and  the  filament  fails 
at  a  stress  that  decreases  as  the  thickness  of  the  layer  increases.  With  increasing  reaction,  a 
second  critical  thickness  is  reached  where  the  filament  falls  the  instant  the  reaction  layer  cracks. 
This  type  of  behavior  was  verified  experimentally  [42]  and  demonstrates  the  detrimental  effect 
of  thick,  brittle  reaction  layers  on  interface  properties.  Although  there  are  limited  data  of  this 
type  for  diffusion  bonded  metal/ceramic  interfaces,  data  on  other  types  of  interfaces  generally 
show  that  relatively  thin  reaction  layers  (less  than  one  micrometer,  perhaps  less  than  a  tenth  of  a 
micrometer)  may  have  a  beneficial  effect  on  interface  properties  by  forming  a  stong  interfacial 
bond,  while  relatively  thick  (greater  than  about  one  micrometei)  reaction  layers  usually  degrade 
the  interface  properties  [42, 47 ,49, .*2, 53], 

FRACTURE  BEHAVIOR 

The  mechanical  properties  of  a  metal/ceramic  interface  depend  upon  many  factors  such  es  the 
elastic  properties  of  the  metal  and  ceramic,  the  thickness  of  the  metal  layer,  the  specimen 
geometry  and  tho  mode  of  loading.  In  addition,  residual  strains  due  to  elastic  and  thermal 
mismatch  are  associated  with  most  metal/ceramic  interlaces  and  these  must  be  minimized  in 
cider  to  optimize  the  properties  of  the  interface.  It  is  particularly  important  for  design  purposes 
to  know  not  only  the  fracture  strength  but  also  the  fracture  resistance  and  fracture  energy  of  an 
interface,  and  the  effects  of  cyclic  loading  and  environment  on  the  fracture  behavior.  These 
topics  art  discussed  below. 


Geometry  of  Test  Specimen 

In  the  past,  interface  strengths  have  often  been  assessed  by  pull-off  or  shear-off  tests,  which 
yield  the  load  at  which  the  bond  is  ruptured.  In  these  tests,  failure  occurs  by  spreading  of  a 
crack  from  the  most  severe  flaw  in  the  bonded  interface.  These  tests  depend  on  the  flaw  size 
distribution,  which  varies  with  processing  conditions,  and  thus  do  not  provide  a  good 
measurement  of  the  inherent  bond  strength  or  toughness  of  a  metal/ceramtc  interface.  In  older  to 
avoid  crack  nucleadon  as  the  critical  event,  several  notched  or  precracked  specimens  have  been 
developed  with  different  modes  of  loading.  Some  of  the  most  popular  specimens  currently 
include  a  double-cantilever-beam  (DCB)  specimen  with  nominally  mode  1  loading  and 
sandwich-type  3-  or  4-point  bend  specimens  with  mixed  mode  loading  [54-57],  With  these 
specimens,  ft  is  possible  to  quantify  the  mode  of  loading  as  well  as  to  assess  the  interface 
strength  in  terms  of  an  interface  fracture  energy  G0  also  called  the  generalized  critical  energy 
release  rate  [54,55]. 

Fracture  Eneryv 

Since  the  reversible  fraction  of  the  interface  fracture  energy  Oc  is  equal  to  the  work  of 
adhesion  W«d  in  Eqn,  (1),  fracture  energy  measurements  can  be  used  to  determine  the  amount  of 
irreversibly  dissipated  energy  accompanying  interface  fracture  if  W«j  is  known.  Only  a  few 
such  studies  have  been  performed  [54,58],  but  the  results  of  these  studies  indicate  that  the  work 
of  adhesion  in  Eqn.  (1)  represents  only  a  small  fraction  of  the  interface  fracture  energy,  with  the 
fraction  of  Irreversibly  dissipated  energy  typically  comprising  more  than  98%.  Most  of  the 
irreversibly  dissipated  energy  is  due  to  plastic  deformation  of  the  metal  during  fracture.  Since  a 
large  part  of  the  Interface  fracture  energy  is  due  to  plastic  deformation  processes  in  the  metal,  It 
is  important  to  understand  the  effect  of  metal  layer  thickness  on  the  interface  fracture  energy. 
This  effect  was  examined  by  Reimanls  et  al.  [59]  using  thin  Au  foils  diffusion  bonded  between 
two  thicker  AI2O3  layers  In  a  flexure  specimen  geometry  with  mixed  mode  loading.  In  this 
study,  both  the  fracture  initiation  resistance  and  the  subsequent  growth  resistance  were  found  to 
Increase  with  the  metal  layer  thickness.  This  behavior  was  largely  attributed  to  crack  shielding 
caused  by  bridging  metal  ligaments  in  thr  crack  wake  during  fracture.  These  investigators  also 
developed  a  semi-empirical  expression  which  includes  the  role  of  the  work  of  adhesion,  the 
metal  flow  stress  and  tne  metal  layer  thickness  on  the  fracture  resistance. 

The  effects  of  interface  toughening  due  to  crack-tip  shielding  mechanisms  was  clearly 
demonstrated  in  a  set  of  experiments  where  controlled  arrays  of  implanted  mkrocracks  were 
used  to  induce  crack  bridging  by  Cu  at  a  Cu/glass  interface  and  increase  the  toughness  by  a 
factor  of  8-80  times  over  that  of  a  plain  Cu/glass  interface  [60,61].  The  contribution  to 
toughening  was  also  shown  to  depend  on  a  compromise  between  the  spacing  of  the  microcracks 
and  the  thickness  of  the  bridging  metal  ligaments,  and  emphasizes  the  importance  of  metal 
ductility  on  interfacial  toughness.  These  results  demonstrate  that  the  Interface  fracture  energy  is 
enhanced  by  Interfacial  mkrocracks  which  are  out-of-plane  with  respect  to  the  main  interface 
crack  and  that  the  toughness  of  such  Interfaces  can  greatly  exceed  the  toughness  of  the  brittle 
ceramic  component 

Crack  Path  Versus  Mode  of  Loading 

The  previous  section  emphasized  the  important  contributions  of  the  crack  path,  including 
crack  bridging,  crack  deflection  and  metal  ductility  to  the  interfacial  fracture  energy  The  path 
that  a  crack  Follows  along  a  metal/ceramic  interface  is  determined  by  a  number  of  factors 
including  the  mode  of  loading,  the  elastic  properties  of  the  metal  and  ceramic,  the  metal  layer 
thickness  and  the  presence  of  a  reaction  layer.  Rigorous  analytical  treatment  of  the  relsdonship 
between  crack  path  selection  and  the  interfacial  fracture  energy  for  several  model  interfaces  has 
been  performed  by  Evans  [62]  and  others  [63,64],  and  these  studies  show  that  the  crack 
trajectory  depends  on  the  phase  angle  of  loading  V,  which  is  a  function  of  the  ratio  of  the 
interface  fracture  energy  to  the  fracture  energy  of  die  brittle  component  of  the  interface  and  the 
relative  shear  v  to  opening  u  experienced  by  the  interface  crack,  m  the  case  of  two  brittle  solids 
where  the  elastic  Dundurs  parameter  6  -  0  [65],  the  phase  angle  of  loading  is  given  as: 
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V  "  tan-*  (u/v)  *  tan-'  (Kn/Ki)  (4) 

where  Kj  and  Ku  are  the  mode  i  and  mode  I!  stress  intensity  factors.  Since  V  -  0  for  mode  I 
loading  and  ir/2  for  pure  mode  II  loading,  the  value  of  V  is  a  direct  measure  of  the  relative 
amount  of  mode  II  loading  (mlxlty  of  loading)  on  the  interface  crack  [62,65],  For  this  type  of 
interface,  cracking  out  of  the  interface  is  most  likely  to  occur  into  the  lower  modulus  material 
(say  the  metal)  when  the  phase  angle  V  «  70°  [62] . 

A  second  situation  of  importance  in  metal/ceramic  systems  occurs  when  one  of  the  materials 
is  ductile  and  the  other  ia  brittle,  In  this  case,  the  fracture  behavior  and  the  interface  fracture 
energy  are  highly  sensitive  to  the  sign  of  the  phase  angle  and  different  typea  of  behavior  are 
predicted  [62].  When  the  phase  angle  has  a  positive  sign  and  die  fracture  energy  of  the  brittle 
component  is  much  less  than  that  of  the  interface,  the  relative  incidence  of  cracking  out  of  the 
Interface  is  identical  to  that  of  the  all-brittle  system  just  described.  However,  when  the  phase 
angle  is  negative,  the  large  fracture  energy  of  the  ductile  material  compared  to  the  interface 
prohibits  crack  propagation  out  of  the  interlace,  in  this  situation,  one  of  two  possibilities  should 
occur  depending  on  me  yield  strength  of  the  duotlle  material,  For  a  low  yield-strength  material, 
plastic  blunting  of  the  interface  crack  occurs  and  failure  proceeds  by  ductile  mechanisms 
involving  hole  nuoleation  at  the  interface.  Alternatively,  for  a  high  yield-strength  material,  the 
stress  field  of  the  interface  crack  interacts  with  preexisting  flaws  in  the  brittle  materia]  causing 
cracks  to  grow  from  these  flaws  back  toward  the  Interface,  resulting  in  chips  of  brittle  material 
attached  to  thd  fracture  surface,  All  of  these  rapes  of  craklng  have  been  reported  In  the  literature 
and  summaries  of  possible  crack  paths  as  a  function  of  variables  such  as  the  mode  of  loading. 
Interface  strength  and  reaction  layer  strength  ore  provided  by  Evans  [56,62]  and  Suga  and 
Elssner  [66], 

Since  the  test  configuration  determines  the  sign  and  magnitude  of  the  phase  angle  of 
loading,  which  in  turn  governs  the  crack  path  and  thus  the  mechanisms  that  contribute  to  the 
interface  fracture  energy,  it  is  essential  that  the  test  geometry,  mode  of  loading  and  mechanisms 
of  cracking  be  considered  in  Interpreting  values  of  the  interface  fracture  energy. 

Residual  Stresses 

Edges  and  comers  are  a  major  source  of  failure  for  metal/ceramic  interfaces  when  there  is  a 
mismatch  in  either  the  thermal  expansion  or  elastic  modulus  of  the  metal  and  ceramic  [67], 
When  a  metal  has  either  a  larger  tnermul  expansion  coefficient  or  a  lower  modulus  than  the 
ceramic  or  both  (which  is  often  the  case),  the  unconstrained  metal  develops  a  smaller  lateral 
dimension  at  the  interface  than  the  ceramic.  In  order  to  maintain  continuity  at  the  interface,  the 
met»l  must  be  uniformly  extended  by  the  application  of  edge  tractions.  Surface  forces  which  are 
equal  in  magnitude  but  opposite  in  sign  must  then  be  applied  to  the  metal  in  the  bonded  state  to 
achieve  stress-free  conditions  at  the  surface  and  this  introduces  large  normal  and  shear  stresses 
near  the  edge  of  the  metaVceramic  joint  [68],  Thermal  expansion  mismatch  usually  induces 
tensile  stresses  in  the  ceramic  adjacent  to  the  interface  that  promote  failure  of  the  ceramic.  In 
addition,  large  shear  stresses  also  exist  near  the  edge  along  the  interface  for  both  thermal  and 
elastic  mismatch  so  that  a  substantial  mode  II  contribution  to  edge  failure  should  occur  in  all 
situations.  It  is  important  to  note  that  for  the  case  of  thermal  expansion  mismatch,  the  stresses 
decrease  in  magnitude  as  the  relative  metal  thickness  decreases  so  that  thin  metal  layers  can  be 
used  to  reduce  thermal  expansion  mismatch  [68].  Conversely,  a  mismatch  in  modulus  generates 
interfacial  tensile  stresses  at  the  edge  regardless  of  the  sign  of  the  mismatch  and  thus  always 
enhances  the  propensity  to  fracture. 

Suga  et  al.  [66]  used  finite  element  calculations  to  investigate  the  effects  of  thermal  and 
eiastic  mismatch  on  interface  stresses  and  they  found  that  the  local  tensile  and  shear  stresses  at 
the  edge  of  a  bonded  interface  can  be  described  by  the  stress  intensity  factors  Ki*  and  Ku* 
which  are  proportional  to  the  thermoelastic  parameters  Ad AE AT  and  AgcAE*  AT,  respectively, 
where  Ao,  AE  (and  AE*)  and  AT  represent  the  differences  in  thermal  expansion  coefficients 
and  elastic  moduli  of  the  metal  and  ceramic,  and  the  temperature,  respectively.  Thus,  once  the 


thermoelastic  constants  and  size  of  the  components  in  a  metal/ceramic  joint  are  given,  the  local 
stress  field  in  the  edge  region  can  be  estimated  without  any  calculation  using  the  data  provide  in 
the  paper,  These  results  are  quite  useful  for  estimating  residual  stresses  at  metal/ceramic  joints. 

SttcM  Corrosion  .Qaclang 

The  susceptibility  of  metal/ceramic  interfaces  to  stress  corrosion  cracking  is  important  in 
structural  applications  where  some  water  is  present  in  the  environment,  such  as  in  air  or 
combustion  gases,  since  most  ceramics  are  susceptible  to  stress  corrosion  by  water  [59,60,69], 
There  are  two  possible  cases  for  stress  corrosion  cracking  of  a  metal/ceramic  interface,  one  is 
related  to  direct  attack  of  the  Interatomic  bonding  at  the  Interface  and  the  other  involves  damage 
to  the  inierfacial  region,  including  some  volume  of  the  metal,  ceramic  or  both,  Pew  studies  have 
been  performed  on  the  stress  corrosion  behavior  of  metal/ceramic  interfaces  but  recent  work  by 
Oh  et  al.  [60,70]  Indicates  some  behavior  that  may  be  observed. 

Oh  et  al.  [60,70]  performed  subcritlcal  crack-growth  studies  on  DCB  specimens  containing  a 
thin  Cu  flm  between  glass  substrates  with  and  without  patterned  microcracks,  similar  to  the 
specimens  described  previously  [61],  Subcritlcal  crack-growth  testing  was  performed  under 
constant  displacement  conditions  in  various  gaseous  atmospheres  spanning  a  range  of  relative 
humidities.  The  Cu/glass  interfaces  were  found  to  display  three  regimes  of  behavior,  similar  to 
environmentally  assisted  crack-growth  behavior  in  metal  and  ceramics  [69,71].  Interfaclal 
crack-growth  rates  were  much  higher  and  apparent  crack-growth  thresholds  were  much  lower  in 
a  moist  environment  than  in  a  dry  one.  Additionally,  crack  velocities  along  the  interface  were 
found  to  be  more  sensitive  to  the  stress  intensity  and  greater  than  three  orders  of  magnitude 
faster  titan  subcritlcal  crack-growth  data  for  bulk  soda-lime  glass  tested  In  water  vapor. 
Comparison  of  the  plain  and  patterned  Cu/glass  interfaces  In  both  wet  and  dry  environments 
showed  that  the  subcritlcal  growth  rates  are  many  orders  of  magnitude  slower  for  the  patterned 
interfaces  and  that  the  patterned  interfaces  displayed  threshold  interfaclal  fracture  energies  shut 
are  increased  by  a  factor  of  six  to  seven  over  those  of  the  plain  interfaces.  Although  detailed 
mlcrostructural  Investigations  of  the  mechanisms  of  Interfaclal  crack  growth  were  not  performed 
In  these  studies  the  Increased  resistance  of  the  patterned  interfaces  appears  to  be  attributable  to 
crack  bridging  as  discussed  In  the  section  on  fracture  energy. 

Fatigue 

It  appears  that  only  one  study  has  been  performed  to  examine  the  fracture  behavior  of 
metal/ceramic  interfaces  under  cyclic  loading  (fatigue)  conditions  [72],  again  using  the  plain  and 
patterned  Cu/glass  interfaces  mentioned  above  and  also  an  AI-Mg/AbO)  interface.  Those 
Interfaces  displayed  markedly  different  fracture  behavior  with  failure  occurring  nt  the 
metal/ceramic  interface  unde-  a  relatively  low  loud  for  the  Cu/glass  specimen  and  generally 
within  the  ceramic  under  a  much  higher  load  for  the  Al-Mg/AljOj  Interface,  The  limited  data 
indicate  that  fatigue  crack-growth  rates  can  be  many  orders  of  magnitude  faster  than  subcritlcal 
crack-growth  rates  at  equivalent  levels  of  crack  extension  force  and  occur  at  much  lower 
thresholds  than  under  monotonic  loading  but  this  behavior  may  vary  widely  depending  on  the 
particular  metal/ceramic  interface.  The  pretence  of  Implanted  nicroc  racks  led  to  much  improved 
crack-growth  resista  ice  due  to  crack  bridging  of  the  interface  by  metal-film  llguments,  While  the 
fracture  behavior  of  the  two  types  of  interface  was  much  different,  In  both  cases,  plastic 
deformation  appeared  to  constitute  most  of  the  fracture  energy  with  crack  bridging  playing  an 
important  role  in  the  fracture  process. 

CONCLUSIONS 

Many  factors  are  Involved  in  determining  the  relationship  among  the  bonding,  structure  and 
properties  of  diffusion  bonded  metal/ceramic  Interfaces.  The  effects  of  some  factors,  such  as  the 
thermodynamics  and  kinetics  of  reaction,  on  the  behavior  of  diffusion  bonded  metal/ceramic 
interfaces  are  reasonably  well  understood.  The  effects  of  other  factors,  such  as  segregation, 
stress  corrosion  and  cyclic  loading,  on  the  properties  of  metal/ceramic  interfaces  are  just 
beginning  to  be  understood. 
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DIFFUSION  BONDING  OF  ADVANCED  AEROSPACE  METALLICS 
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ABSTRACT 

Advanced  aluminium  and  titanium  alloys,  metal  matrix  composites  (MMC's)  and 
intermetallic  compounds  are  of  considerable  interest  to  the  aerospace  industry.  These 
materials  offer  significant  mechanical  Improvements  over  many  conventional  materials. 
Appropriate  joining  technologies  are  being  developed  to  utilise  the  advantages  these  materials 
offer  in  aerospace  applications.  Diffusion  bonding  offers  considerable  potential  as  a  joining 
process.  This  keynote  paper  will  review  diffusion  bonding  with  reference  to  these  advanced 
metallic  systems. 

INTRODUCTION 

Considerable  advances  in  metallic  systems  pertinent  to  the  aerospace  community  have 
been  made  in  recent  decades,  The  goals  of  lighter  and  stlffer  airframe  structures  have  led  to 
potential  applications  for  lower  density  aluminium  -  lithium  alloys  and  the  rapid  development 
of  both  continuous  fibre  and  particulate  reinforced  metai  matrix  composite  systems.  Higher 
temperature  and  lower  density  metallic  systems  are  being  developed  for  gas  turbine 
applications  to  Improve  thrust  to  weight  ratios  and  engine  efficiency.  The  development  of 
improved  manufacturing  technologies,  such  as  supcrpiastlc  forming,  has  enabled  complex 
structures  to  be  fabricated  from  expensive  materials  cost  effectively  by  maximising  material 
utilisation.  To  preserve  these  improvements  and  allow  successful  incorporation  into 
aerospace  structures,  advanced  joining  techniques  are  required.  Conventional  fusion  welding 
may  cause  unacceptable  mlcrostructural  damage  and  poor  mechanical  properties.  Solid  state 
joining  can  offer  significant  advantages  for  some  advanced  materials.  Several  solid  state 
processes  depend  on  high  pressures  and  large  scale  deformation;  for  example  pressure 
welding,  roll  bonding  and  explosive  bonding  for  example.  These  processes  are  used  to 
produce  semi-finished  products  such  as  clad  sheet  or  plate  but  are  generally  unsuitable  for 
MMC's.  In  friction  and  ultrasonic  welding,  Intense  deformation  confined  to  the  bond 
interface  region  raises  the  temperature  and  disrupts  and  disperses  the  oxide  films  before 
welding.  These  processes  are  discussed  in  detail  in  reference  t. 

In  diffusion  bonding  (DB),  through  thickness  deformation  is  usually  small  (5  %  or  less), 
low  pressures  (much  less  than  the  macroscopic  yield  stress)  and  high  temperatures  ( >  0, 5  Tm, 
where  T„  is  the  absolute  melting  point)  are  typical,  Hence  the  deformation  is  confined 
primarily  to  surface  asperities  12],  DB  by  hot  isostatic  pressing  (HIP)  under  inert  gas  pressure 
has  the  unique  advantages  of  high  pressure  (up  to  300  MPa)  and  temperatures  (up  to  2000°C) 
with  minimum  total  deformation  giving  greater  flexibility  in  component  shape.  This  process 
Is  .used  extensively  for  consolidating  powders.  Compared  with  other  joining  processes, 
diffusion  bonding  offers  [3]: 

i)  joint  strengths  approach  or  equal  parent  material  strength 

it)  low  deformation  and  distortion  lead  to  accurate  dimensional  control 

iii)  joints  can  be  fabricated  between  thick  and  thin  sections 

iv)  large  bond  areas  lead  to  lower  service  stresses 

v)  corrosion  resistance  is  the  same  as  the  base  material  or  selected  Interlayer,  with 
no  fluxes  required. 

vi)  dissimilar  materials,  metastable  alloys  and  MMC's  may  be  joined 

In  this  paper  the  mechanisms  of  diffusion  bonding  will  be  discussed  together  with  the 
development  of  diffusion  bonding  processes  for  advanced  metafiles  currently  of  interest  to  the 
aerospace  industry. 
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MECHANISMS 

The  various  diffusion  bonding  techniques  available  are  summarised  in  Pig.  1[4],  Diffusion 
bonding  can  take  place  either  in  the  solid  state  or  via  a  transient  liquid  phase  (TLP),  Stable 
surface  films  (present  on  aluminium  alloys)  or  brittle  lntermetalllc  compounds  (formed 
between  dissimilar  materials)  can  lead  to  low  joint  strengths.  To  permit  DB  of  such  materials, 
interface  coatings  or  foils  may  be  employed. 


Figure  1.  Summary  of  diffusion  bonding  techniques  [4] 

The  solid  state  bonding  process  can  be  divided  into  two  stages  corresponding  to  a  stress 
dependent  stage  1  and  stress  independent  stage  2.  The  sequential  opera  tivc  mechanisms  in 
these  stages  are: 


a)  instantaneous  plastic  deformation  on  loading, 
a”f'H.iated  with  surface  asperities 

b)  creep  deformation 

c)  diffusion  across  the  bond  Interface 

d)  reorystallisation  and  grain  boundary  migration 

Modelling  of  stage  1  is  bused  on  the  relationship; 

i-AoSexpt-is) 


|  Stage  1 

|  Stage  2 


where  e  «  creep  rate,  o„  -  applied  stress,  Q,  -  activation  energy  for  diffusion,  A  and  n 
are  constants  with  n  In  the  range  3-4  for  a  typical  titanium  alloy,  For  a  fine  grained 
superplastic  alloy  n  is  in  the  range  1,5-2,  indicating  a  lower  temperature  stress  dependence 
and  strain  hardening  rate  which  aids  bonding  in  stage  1 .  At  the  onset  of  stage  2  the  bond 
interface  consists  of  bonded  areas  and  residual  voids.  Hydrostatic  pressure  can  accelerate 
plastic  deformation  and  the  closure  of  large  voids,  but  elimination  of  small  voids  ( <  20  nm) 
depends  only  on  surface,  volume,  or  grain  boundsiry  diffusion.  Stage  2  is  therefore  diffusion 
controlled  and  is  accelerated  by  a  fine  grain  size  and  high  temperature.  Recrystallisation  and 
grain  boundary  migration  leading  to  a  non-planar  bona  Interface  is  desirable  for  maximum 
strength,  but  does  not  always  occur.  The  time  required  is  usually  much  greater  for  stage  2 
than  for  stage  1.  Diffusion  bonding  models  based  upon  idealised  surface  geometries  and  the 
above  mechanisms  have  been  successful  in  predicting  the  effect  of  pressure  on  time  to 
producca  95%  parent  metal  bond  strength  In  both  titanium  and  copper  [5-8].  More  complex 
models  are  required  to  explain  bonding  in  the  presence  of  oxide  films  and  for  dissimilar 
materials. 
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In  diffusion  bonding  the  mqior  bonding  parameters  (pressure,  temperature  and  time)  are 
interdependent  and  control  the  deformation.  Ihese  variables  are  optimised  to  reduce  bonding 
time  and  therefore  cost.  In  practice  the  maximum  temperature  is  limited  by  the  onset  of 
liquation  or  excessive  grain  growth,  and  bonding  pressure  is  limited  by  safety  (gas  pressure 
bonding),  cost  considerations,  or  excessive  deformation  (thick  section  and  platen  pressure 
bonding). 

When  the  temperature  or  pressure  required  to  obtain  good  surface  contact  prohibits  solid 
state  DB,  liquid  phase  (LP)  DB  offers  an  alternative  joining  method.  This  process  relies  on 
interlayers  or  coatings  at  the  bond  Interface.  These  either  melt,  or  diffuse  into  the  base  metal 
to  create  a  transient  liquid  phase  (TLP),  at  a  temperature  well  below  the  melting  point  of  the 
base  metal.  This  process  has  some  advantages  of  conventional  brazing  (low  pressures,  short 
times)  and  of  diffusion  bonding  (base  metal  microstructure  and  strength). 

OB  TECHNIQUES 

Diffusion  bonds  in  components  can  be  divided  Into  those  made  by  massive  DB  and  those 
made  between  thin  sheet;  DB  in  thin  sheet  is  frequently  associated  with  subsequent 
superplastlo  forming  (SPF)  [9].  DB  of  thin  sheet  prior  to  SPF  is  often  performed  using  argon 
gas  pressure  (2-3.5  MPa  (300-500  psi))  for  Tl  alloys,  but  similar  platen  pressures  may  also 
be  used.  Massive  DB  involves  the  joining  of  thick  section  machined  parts  under  higher 
pressure  (e.g.  14  MPa,  2000  psi)  applied  by  mechanical  means  or  by  hot  isoHatic  pressing 
(HIPing).  For  HIPing  the  component  is  sealed  In  an  evacuated  can  before  the  pressure  is 
applied.  After  DB  the  can  is  removed,  unless  it  is  an  integral  part  of  the  component. 

DB  TEST  METHODS 

For  successful  exploitation  of  DB  in  structural  component  design  strength  data  (eg. 
tensile,  shear,  impact,  fatigue)  have  to  be  obtained.  Strengths  reported  for  DB  joints  can 
show  a  wide  variation  depending  on  bonding  parameters,  bonding  techniques  and  test  piece 
design.  The  latter  boing  particularly  important  since  the  test  piece  must  provide  meaningful 
strength  date  to  enable  the  effects  of  metallurgical  and  processing  variables  on  bond  strength 
to  be  assessed.  To  measure  the  strength  of  a  diffusion  bond  It  is  essential  that  failure  occurs 
in  the  bond  tnterfaclal  region.  Failure  in  the  base  metal  away  from  the  bond  interface  may 
provide  information  on  Joint  design,  but  does  not  help  in  the  evaluation  of  the  bonding 
process.  Tensile  tests  are  used  for  thick  section  diffusion  bonds,  but  have  been  shown  to  be 
insensitive  to  the  presence  of  voids  in  the  bond  interface  [10],  However,  impact  tests  appear 
particularly  sensitive  to  bond  quality  [10],  For  thin  sheet,  shear  tests  are  used.  Unfortunately, 
these  test  pieces  experience  large  out  of  plane  bending  or  peel  stresses,  with  large  stress 
concentrations  at  the  ends  of  the  joint  [1 1],  Constrained  tensile  [1 1]  and  compressive  [12] 
shear  tests  have  been  developed  to  prevent  out  of  plane  bending  Peel  tests  have  also  been 
used,  particularly  at  elevated  temperatures  for  aluminium  alloys  [13],  to  assess  the  quality  of 
DB  in  thin  sheet  regarding  potential  DB/SPF  processing,  Corrosion  and  oxidation  studies  on 
DB  joints  may  also  be  required. 

TITANIUM  ALLOYS 

Titanium  absorbs  Its  own  surface  oxide  film  above  about  750"C  and  alloys  are  readily 
bonded  in  vacuum  or  inert  gas.  Figure  2  shows  the  microstructurc  of  a  DB  joint  in  the  high 
temperature  Ti  alloy  IMI  834.  The  mechanical  properties  of  DB  joints  in  1MI  834  (Table 
I)[12]  show  that  parent  metal  tensile,  shear  and  impact  strengths  are  attainable  even  in  this 
creep  resistant  alloy.  As  the  p-transus  temperature  for  titanium  is  approached,  rapid  grain 
growth  occurs,  the  creep  rate  decreases  and  the  bonding  time  may  increase.  For  example  in 
T1-6A1-4V  alloy,  at  a  typical  bonding  pressure  for  this  alloy  (300  psi,  2  MPa),  the  time  to 
produce  a  pore  free  bond  increased  six  fold  when  the  grain  size  increased  from  6.4pm  to 
20pm  [9].  Other  product  forms,  such  as  plate  or  forgings,  have  a  coarser  grain  size  when 
compared  to  sheet,  consequently  different  bonding  parameters  are  required.  The  enhanced 
bonding  associated  with  fine  gram  materials  can  be  exploited  using  fine  grain  interlayer  foil(s) 
for  bonding  thick  sections  of  coarser  microstructure,  or  by  surface  working,  which  induces 


Figure  2,  Diffusion  bond  in  1MI  834,  990°C  (0.3  hour)  3  MPa,  Bond  line  at  arrows. 


Tablo  I.  The  tensile,  shear  and  impact  properties  of  1M1  834  and  DB  joints  produced 
under  various  conditions  [12] 
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fine  recrystallised  grains  at  the  bond  Interface  when  heated  to  the  DB  temperature. 
Accelerated  bonding  is  also  achieved  under  superplastic  conditions,  reducing  the  bonding 
pressure  by  a  factor  of  4,  welding  time  by  a  factor  6-30  and  the  temperature  required  by  50- 
150°C  [14].  Crystallographic  texture  and  microstructure  morphology  may  also  affect  the  rate 
of  bond  formation  [15],  For  example,  an  aclcttlar  microstructure  requires  longer  bonding 
times  or  higher  pressures  than  an  equiaxed  microstructure. 

Small  bond  defects  may  not  affect  the  tensile  or  shear  strength  of  the  bond  but  may 
greatly  affect  othc  mechanical  properties  such  as  fatigue  or  Impact  strength.  Impact 
properties  are  most  sensitive  to  bond  quality,  Fine  pores,  as  small  as  1pm,  can  reduce  the 
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impact  strength.  The  distribution  of  pores  is  known  to  affect  both  impact  and  fatigue 
properties,  for  example  clusters  of  pores  reduce  fatigue  properties  [16]. 

For  near  net  shape  components,  low  bulk  deformation  during  DB  is  required.  Joints  may 
be  made  at  low  temperatures  and  for  short  tim.w  (eg  800°C,  15  minutes  and  5  MPr  for  Tt- 
6A1-4V)  to  produce  a  partially  bonded  interface  with  high  porosity  and  then  annealed  at 
temperatures  just  below  the  (3  transus  for  extended  times,  Voids  are  eliminated  and  parent 
metal  tensile  strength  and  Increased  impact  values  obtained  (Table  II)[12], 


Table  11.  Mechanical  properties  of  DB  Joints  in  Ti  •  6A1  -  4V,  (ND  -  none  detected) 
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Liquid  phase  DB  of  Ti  alloys  using  Cu,  Cu  base  and  other  alloy  interlayers  can  produce 
almost  parent  metal  mechanical  properties.  A  (3  titanium  alloy,  TI-21V-4A1,  bonded  with  a 
TI-20Zr-20Cu-20NI  Interlayer  had  a  tensile  strength  of  *700  MPa.  Subsequent  ageing  increased 
this  to  1400  MPa  [17], 

Diffusion  bonding  of  Ti  alloy  sheet  can  be  conveniently  combined  with  superplastic 
forming  (SPF)  to  produce  structures  with  significant  cost  and  weight  savings  compared  to 
conventional  manufacturing  routes,  Complex  three  and  four  sheet  structures  may  be  made 
using  stop-off  compounds  to  prevent  bonding  In  predetermined  areas  and,  after  bonding, 
formed  into  shaped  dies  to  produce  honeycomb  type  structures  (Fig  3)  [18‘J.  Some  bonds  may 
also  be  made  after  SPF,  giving  great  flexibility  to  this  manufacturing  route.  Howovcr, 
surfaces  for  DB  after  SPF  are  exposed  to  the  gaseous  environment  longer  than  the  primary 
bonds  with  a  greater  risk  of  surface  contamination;  oxygen  and  water  must  therefore  be 
removed  from  the  argon  pressurising  gas,  Several  thousand  Ti  alloy  DB/SPF  components  are 
in  service,  for  example  wing  access  panels  on  Airbus  aircraft  [19]  and  other  oivil  and  military 
applications  [20].  A  critical  DB/SPF  component  is  the  fan  blade  for  civil  gas  turbine  engines 


Figure  3.  Pour  sheet  diffusion  bonded  /  superplastlcally  formed  Ti  -  6AI  •  4V  structure, 
showing  diffusion  bonded  joints  between  skin  and  core  sheet  at  A,  and  between 
core  sheets  at  B.  (Courtesy  of  British  Aerospace  Warton), 


44 


Ordered  Intermetallic  Tl  alloys  for  use  at  temperatures  above  those  for  conventional  Ti 
alloys  ( >  600°C)  are  of  particular  interest  currently,  There  is  little  quantitative  published  data 
available,  but  the  T13A1  based  alloys  seem  to  diffusion  bond  readily  at  temperatures  of  100- 
150°C  below  the  alloy  f)  tiansus  (1065-1 130°C)  to  give  parent  metal  microstructures  [22],  It 
is  expected  that  parent  metal  mechanical  properties  should  be  obtained.  Higher  pressures, 
compared  to  Ti  alloys,  are  required  for  DB  of  titanium  aluminides  due  to  the  higher  flow 
stresses  of  these  intermetallics,  DB  of  the  TiAl  based  alloys  is  more  difficult  than  the  TISAI 
based  alloys  since  aluminium  modified  titanium  oxides  are  formed  and  these  may  restrict 
grain  boundary  migration  at  the  bond  interface,  Bonds  in  a  TiAl  alloy  with  a  planar  interface 
nod  a  tensile  strength  of  ‘40  MPa  less  than  the  parent  metal  nt  800°C  and  1000°C  test 
temperatures.  Plastic  deformation  of  the  surface  before  bonding  can  cause  recrystalllsatlon 
at  the  bond  interface  and  enhance  bond  strength  [23]. 

ALUMINIUM  ALLOYS 

The  diffusion  bonding  of  aluminium  alloys  is  primarily  under  consideration  for  shuet 
applications,  especially  with  the  development  of  superplastic  aluminium  alloys,  Massive  DB 
of  aluminium  alloys,  as  used  with  titanium  alloys,  Is  virtually  unknown,  Aluminium  alloys, 
unlike  titanium  alloys,  are  difficult  to  diffusion  bond  because  of  their  stable  oxide  film.  This 
alumina  rich  film  even  forms  in  inert  gas  atmospheres  or  in  vacuum  and  can  be  stable  up  to 
the  alloy  melting  point.  At  bonding  temperatures  this  film  is  a  barrier  to  the  diffusion  of 
solute  elements,  Removal  or  disruption  of  surface  oxide  films  is  necessary  for  successful 
bonding.  Fracture  and  dispersion  of  the  oxide,  as  occurs  during  roll  bonding,  is  precluded 
at  low  deformations.  High  strength  diffusion  bonded  Joints  have  been  obtained  using  surface 
coatings  or  interlayers.  For  example,  after  argon  ion  sputter  cleaning  and  ion  plating  with  1 
pm  thick  silver  layers,  clad  aluminium  alloys  have  been  diffusion  bonded  in  the  solid  state 
at  temperatures  of3Q0-450°C  [24].  The  reduced  concentration  of  silver  within  the  clad  layer 
during  subsequent  diffusion,  prevented  the  formation  of  silver  rich  intermetallics.  This 
bonding  route  may  be  also  suitable  for  rapidly  quenched  metastable  alloys  where  low  bonding 
temperatures  (<  350°C)  are  required;  for  example,  continuous  SIC  fibres  coated  with  an 
Al-Cr-Fe  metastable  alloy  matrix  have  been  consolidated  to  form  an  MMC  via  a  surface 
coating  of  silver  [25],  Transient  liquid  phase  bonds  have  been  made  using  zinc  and  copper 
Interlayers  to  form  a  eutectic  phase  at  420°C  and  548‘C,  respectively.  The  solubility  of  these 
elements  in  aluminium  at  the  bonding  temperature  allows  interlayer  element  concentrations 
at  the  bond  Interface  to  be  reduced  to  low  values  (<  2  wt%)  by  a  post  bond  anneal. 

Superplastic  Al-Zn-Mg  7475B  alloy  has  been  bonded  successfully  in  the  solid  state  at 
500°C  and  2.76  MPa  using  5052  Al-Mg  alloy  as  an  interlayer  [261,  Bond  shear  strength  was 
found  to  improve  with  increased  deformation  from  3  to  15*  and  increased  bonding  times  of 
60  minutes.  Studies  without  interlayers  at  bonding  temperatures  of  516°C  for  4  hours  using 
0.7  MPa  pressure  gave  parent  metal  shear  strengths  (331  MPa)  [27],  This  was  due  to 
recrystalllsatlon  at  the  bond  Interface  (induced  by  prior  surface  peenlng)  leading  to  a 
non-planar  interface. 

Diffusion  bonding  of  aluminium-lithium  alloys  has  been  reviewed  [28]  and  is  particularly 
attractive  because  these  alloys  combine  high  specific  stiffness  and  strength  with  superplastio 
behaviour,  Aluminium-lithium  alloys  may  be  bonded  without  interlayers  since  lithium 
compounds  disrupt  the  surface  oxide.  However,  because  of  the  more  rapid  thermal  oxidation 
of  these  alloys,  particular  care  is  required  to  avoid  surface  contamination  during  heating  to 
the  bonding  temperature.  A  DB  joint  made  in  vacuum  without  interlayers  is  shown  in  Fig. 
4.  This  joint  exhibited  parent  metal  compressive  shear  strength  in  the  T6  condition  (*230  MPa) 
and  a  90°  room  temperature  peel  strength  of  54  Nmnv1  (peak)  and  18  Nmm4  (plateau);  this 
can  be  compared  with  corresponding  strength  values  for  adhesive  joints  of  30-40  MPa  (shear) 
and  8  Nmm'1  (peel).  Careful  control  of  solid  state  bonding  parameters  is  required  for  joint 
reproducibility  and  consequently  TLP  DB  may  be  attractive.  Studies  using  Cu,  Zn  or  complex 
multilayer  systems  utilising  Al-Cu-Si  as  the  melting  phase,  have  reported  strengths 
approaching  those  of  the  base  metal  [28,?. 9],  A  TLP  bond  in  8090  Al-Lt  alloy  is  shown  in 
Fig.  5.  Care  must  be  taken  to  ensure  that  the  interlayer  can  be  diffused  away  from  the  bond 
interface,  For  both  solid  state  and  TLP  diffusion  bonds  joint  stiffening  gave  peel  strengths 
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Figure  4  Section  (optical)  through 
solid  state  diffusion  bond  In  A1  -  Li  8090 
alloy,  Bond  interface  is  at  A  -  A. 


Figure  5.  Section  (optical)  through 
TLP  diffusion  bond  in  A1  •  Li  8090  alloy. 
Bond  interface  in  coarse  grained  region  B. 


at  superplastic  forming  temperatures  sufficient  to  allow  combined  DB  and  SPF  [30], 

In  comparison  with  titanium  alloys  DB  of  aluminium  requires  procedures  of  greater 
complexity  and  any  process  deviation  can  lead  to  poor  reproducibility  of  joint  quality.  The 
potential  advantages  for  weight  saving  and  structural  efficiency  when  combined  with  SPF  are 
however  very  attractive. 


DISSIMILAR  MATERIALS 


The  need  to  combine  high  strength  with  high  toughness,  to  provide  surfaces  with 
corrosion,  wear  or  oxidation  resistance  and  to  conserve  expensive  materials,  has  led  to 
growing  interest  in  dissimilar  material  Joints.  Diffusion  bonding  is  particularly  suited  for  such 
joints  because  it  provides  close  control  of  the  process  variables.  Metal/metal,  metal/ceramic 
or  ceramlc/ceramlc  joints  are  possible  via  DB.  It  is  difficult  to  obtain  sufficient  interface 
contact  or  diffusion  for  ceramic/ceramic  bonding  below  about  1000"C,  However  many 
ceramics  can  now  be  bonded  cither  to  themselves  or  to  thicker  metallic  supports  using 
reactive  metal  interlayers  (containing  Mg,  L.i,  Zr  or  Ti)  and  either  solid  state  or  liquid  phase 
techniques  [31],  Mismatch  of  thermal  expansion  coefficients  (CTB),  which  can  give  rise  to 
high  thermal  stresses  and  cracking  at  the  bond  interface,  This  problem  is  particularly 
pronounced  for  ceramio/metal  joints,  To  overcome  this  mismatch  an  interlayer,  or 
combination  of  interlayers,  may  be  used  to  decrease  the  stress  gradient  across  the  Interface, 
The  laminated  interfaces  may  be  several  millimetres  thick, 

In  dissimilar  metal  Joints  the  greater  stress  relaxation  available  means  that  thermal  stresses 
due  to  CITE  mismatch  may  be  less  severe  than  In  metal/ceramic  joints,  Care  must  be  taken 
to  ensure  chemical  compatibility  and  minimum  adverse  reactions  between  the  materials  to 
maximise  joint  strength.  The mechanical  properties  are  particularly  important,  since  dissimilar 
metal  Joints  may  be  heavily  loaded.  The  interlayers  should  ideally  exhibit  mutual  solid 
solubility  without  intermetallic  formation,  a  wide  temperature  range  for  bonding  and 
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compatible  CTE  and  Young's  modulus.  An  example  of  this  type  of  joint  Is  shown  In  Fig, 6, 
The  TijAl  alloy  (Super  a,)  has  been  diffusion  bonded  to  the  wear  resistant  Ni  base  HS  242 
alley  using  'JSftm  thick  Ta  and  Ni  interlayers.  This  joint  had  a  compressive  shear  strength  of 
'480  MPa  (compared  to  "390  MPa  wiinout  interlayers)  despite  the  formation  of  a  Ni,Ta 
intt.-metalMc.  Joints  between  T1-6A1-4V  alloy  and  Co-based  Stellite  HS6  using  similar 
interlayers  had  tensile  strengths  of  *800  MPa,  compared  to  ‘600  MPa  without  interlayers. 
Ductile  interlayers  may  also  enhance  the  toughness  of  joint  interfaces.  Many  alloy 
combinations  have  been  Joined  by  diffusion  bonding,  for  example;  titanium  alloys  to  stainless 
steels  and  Ni  alloys,  and  steels  to  Co  base  alloys  [3] , 

Different  alloys  of  the  same  base  element  may  be  diffusion  bonded,  for  example  a  high 
temperature  Ti  alloy  IMI 834  has  been  diffusion  bonded  to.a  Ti,Al  alloy.  This  is  a  relatively 
straightforward  procedure  for  titanium  alloys  and  steels  using  DB  parameters  for  the  lower 
temperature  alloy  of  the  couple.  Future  developments  may  exploit  the  potential  of  bulk  macro 
and  micro-laminates  produced  by  the  bonding  of  stacked  sheets  or  Foils  of  dissimilar 
materials. 


Figure  8  Ti  -  6A1  -  4V  /  80  vol.  %  SiC  fibre  composite  made  by  MCP'  process  [25], 


MkJTAL  MATRIX  COMPOSITES 

Advanced  continuous  fibre  or  particulate  reinforced  metal  matrix  composites  can  lead  to 
increased  strength  and  stiffness  at  ambient  and  elevated  temperatures.  Aluminium  MMC’s 
cun  be  made  by  melt  infiltration  but  reactive  metals  are  restricted  to  solid  state  processing. 
Diffusion  bonding  has  an  important  role  in  both  solid  state  processing  and  joining, 

Processing  of  continuous  fibre  materials  is  extremely  important  since  any  fibre/fibre 
contact  can  drastically  reduce  the  mechanical  properties  [32],  This  is  especially  true  for  large 
diameter  fibres  (eg  ’lOOum  SiC).  Commercial  processing  routes  for  titanium  based  MMCs 
have  been  reviewed  [33).  All  of  the  ptocessing  routes  require  DB  to  affect  final 
consolidation.  DB  has  been  carried  out  using  conditions  similar  to  those  for  bulk  titanium 
dlovs.  1  he  most  widely  used  method  is  the  foil-fibre  (F-F)  lay-up  in  which  unidirectional 
mats  of  SiC  fibre  are  sandwiched  between  foils  of  the  required  alloy.  Titanium  alloy  and  Ti 
alumiiiidc  MMC's  are  currently  being  produced.  Many  matrix  systems  arc  precluded  by  the 
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Figure  9  Verticil  contraction  normal  to  fibre  axes  during  composite  consolidation  of 
sheet  when  no  displacement  allowed  in  sheet  plans  v.  SIC  volume  fraction. 
MCF  «*  metal  coaled  fibre,  F-F  »  foil  *  fibre.  The  effect  of  fibre  spacing  (w) 
and  foil  thickness  (n)  on  contraction  in  F  -  F  composite  ir-s  also  shown. 


Figure  10  Section  (optical)  through  a  solid  slate  dit fusion  bond  between  8090  /  20  wt% 
SIC  paniculate  reinforced  metal  matrix  composite  (MMC)  sheet.  Bond 
interface  at  A  -  A,  particle  /  particle  contact  at  B. 
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unavailability  of  alloy  foils.  During  consolidation,  fibres  move  giving  non  uniform  fibre 
distribution  in  the  finished  composite  (Fig,  7).  Similar  problems  with  uniform  fibre 
distribution  occur  for  the  powder-fibre  process,  in  which  the  foil  is  replaced  by  a  cloth  like 
material,  produced  by  rolling  a  mixture  of  the  alloy  powder  and  an  organic  binder,  For  both 
processes  the  maximum  practical  fibre  content  is  about  45  %  by  volume,  Plasma  spraying  has 
been  used  to  introduce  the  matrix  material  onto  the  fibres.  Although  a  more  uniform  fibre 
distribution  is  achieved  (when  compared  to  the  F-F  process),  the  fibres  or  their  thin  protective 
coatings  may  be  damaged  by  impact  of  the  plasma  spray  droplets.  The  matrix  coated  fibre 
(MCF)  route  involves  coating  the  fib.e  with  the  matrix  alloy  using  physical  vapour  deposition 
(1'VD)  processes  such  as  evaporation  oi  sputtering.  A  composite  made  by  DB  of  MCF  is 
shown  fn  Fig.  8.  SiC  fibres  were  pre-coated  by  electron  beam  evaporation  and  vapour 
deposition  (EBEVD),  Composites  produced  by  the  MCF  route  have  uniform  fibre  distribution 
(Fig.  7, 8)  with  no  fibre-  fibre  contact.  Numerous  alloy  systems,  including  metastable  alloys, 
can  be  used  as  the  matrix  and  fibre  volume  fraction  is  controlled  by  varying  the  coating 
thickness.  Fibre  volume  fractions  as  high  as  8096  have  been  reported  (Fig.  8)  [25].  Another 
advantage  of  the  MCF  process,  when  compared  to  the  F-F  process,  Is  that  shrinkage  during 
consolidation  is  independent  of  volume  fraction  and  can  be  predicted,  depending  only  on  fibre 
packlng/lay-up  (Fig.  9).  This  lx  particularly  important  where  near  net  shape  processing  to 
final  component  size  Is  required,  DB,  either  solid  state  or  liquid  phase  may  also  prove  to  be 
the  best  means  of  incorporating  titanium  MMC  components  into  structures. 

Joining  MMCs,  particularly  for  elevated  temperature  applications,  to  preserve  advantageous 
mechanical  properties  will  require  DB.  For  example  solid  state  and  TLP  DB  processes  have 
ban  used  for  particulate  reinforced  aluminium  MMCs  [34],  Higher  bond  strengths  were 
obtained  when  particle/particle  contact  (B  In  Fig.  10)  at  the  bond  interface  was  avoided, 
either  by  the  insertion  of  an  interlayer  (solid  stale)  to  create  particle-matrix  interfaces  and 
provide  a  ductile  interlayer,  or  by  TLP  melting  at  the  bond  interface. 

CONCLUSIONS 

The  relation  of  appropriate  joining  processes  depend  on  the  materials,  the  joint,  strength  and 
quality  requirements,  and  cost.  For  demanding  applications,  or  advanced  materials,  diffusion 
bonding  offers  many  advantages  and  may  be  the  only  option  for  MMC’s.  Increased 
application  of  DB/SPF  technology  will  depend  upon  accurate  ar.d  reprod  ;ible  process  control 
and  the  greater  availability  of  large  vacuum  hot  presses  and  HIP  pressure  vessels  for 
manufacturing  large  components.  This  Is  particularly  important  if  DB  is  to  be  considered  for 
mass  production  applications,  eg,  In  the  automotive  industry. 
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RELIABILITY  FACTORS  IN  CERAMIC/METAL  JOINING 
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ABSTRACT 

Thia  paper  reviews  the  processing  factors  in  joining  ceramics  to  metals  concerning 
the  reliability.  Thermal  expansion  mismatch  has  a  great  influence  not  only  on  the 
absolute  value  of  strength  but  also  on  the  reliability  of  joints.  Large  thermal  stress 
increaeee  the  scatter  of  joint  strength  because  of  the  presence  of  defeoto  Induced  during 
joining  process,  One  should  insert  an  appropriate  interlayer  to  relax  the  stress 
between  a  ceramic  and  a  metal.  Surface  roughness  also  has  some  influence  on  the  reli¬ 
ability,  A  roughly  ground  bond  face  leads  large  scatter  in  strength,  Scratches  must  be 
removed  before  joining.  Unjoined  area  reduces  joint  strength  especially  in  solid-state 
joining,  In  brazing,  the  homogeneity  in  the  braze  layer  should  be  also  controlled  care¬ 
fully.  A  slight  applied  pressure  during  brazing  oan  preserve  the  integrity  of  joints. 

INTRODUCTION 

Ceramics  have  been  gradually  expanding  their  application*  into  structural  materials 
replacing  the  conventional  metallic  materials  since  the  beginning  of  the  19B0'a,  In  fact, 
one  oan  find  several  establishments  using  ceramic  parts  In  the  commercial  fields  as 
shown  in  Fig.l.  Silicon  ceramics,  especially  SI3N4,  have  been  Intensively  examined  and 
developed  for  the  structural  uses  because  of  its  high  toughness  in  addition  to  light 
weight  character,  good  wear  resistance,  high  strength  and  modulus  up  to  1000  °C,  etc. 
The  establishment  of  ceramics  os  structural  materials  has  been  not  only  dependent 
on  the  Improvement  of  their  prop- 
ertles  but  also  greatly  on  the  ad¬ 
vances  in  joining  technology  of 
c«  ru  mi  oh  to  metallic  materials. 

Even  though  properties  of  ceramics 
hHve  been  improved  drastically, 
they  still  have  problems  of  hard 
workability  and  of  poor  reliability 
compared  with  metallic  materials. 

Inevitably,  they  are  used  in  a  small 
volume  combined  with  metallic 
parts.  Then,  in  practical  adoption 
of  ceramic  products,  it  frequently 
becomes  ono  of  the  major  interests 
whether  the  reliability  of  a  Joint 
structure  is  adequate  for  a  certain 
requirement  or  not, 

The  reliability  of  a  ceramic/metal  Joint  structure  has  not  been  surveyed  consistently 
yet.  Because  most  oeramic/metal  joints  fracture  in  a  quite  brittle  manner,  the  scatter 
in  strength  can  be  treated  by  the  Welbull  statistics,  The  statistical  treatment  of 
strength  data  has  provided  ua  useful  information  on  joining  parameters.  Factors 
influencing  the  reliability  of  a  joint  can  be  classified  into  several  categories,  Fig, 2 
shows  the  schematic  illustration  of  several  important  defect  categories,  which  may 


Fig.l  81,  N,  products  for  tutomobil*  origin#  oomponsnt* 
(Courtesy  to  Nissan  Motor,  Co, Ltd.),  Tho  arrows  point 
to  SlyN^. 


Mil.  Ru.  Boo.  Bymp.  Proo.  Vol.  314.  «1l*3  Msttrlsl*  RsMiroh  Booltly 


52 


cauie  scatter  in  itrength  di¬ 
rectly,  From  the  microscopic 
view,  the  reaction  structure 
caused  by  wetting  or  by  chem¬ 
ical  and  phyaleal  bond-ability 
between  two  faces  may  be  of 
concern,  These  factors  will 
reflect  the  distribution  of  un¬ 
joined  or  weakly  bondod  is¬ 
land-like  defects  on  interfaces 
resulting  in  substantial  reduc¬ 
tion  in  joint  strength.  From 
the  more  macroscopic  view, 
when  a  reaction  layer  grows 
thick,  cracking  in  the  layer 
frequently  influences  joint 
strength  to  a  great  extant. 

Thermal  or  residua)  stress  In 
a  joint  becomes  another  im¬ 
portant  factor.  The  final  goal 
for  joining  research  will  be  in 
establishing  a  technique  pro¬ 
ducing  a  tightly  bound  inter¬ 
face  by  eliminating  these  de¬ 
fects  and  by  accommodating 
thermal  stress. 

The  present  paper  concentrates  on  reviewing  the  factors  affecting  the  structural 
integrity  of  a  ceramlc/metal  joint,  Especially,  processing  parameters  influencing 
structural  reliability  will  be  discussed.  Processing  parameters  such  as  interface  reaction 
will  be  conaidered  initially.  Next  la  the  physical  contact  and  the  surface  damage  effect. 
Than  the  effeot  of  thermal  street  on  atrength  will  be  dlacuased  in  the  laat  section. 

INTERFACE  CHEMISTRY 

Interface  formation  cf  a  ceramlc/metal  ayatem  has  been  discussed  for  many  decades 
on  the  basis  of  reaction  chemistry1 ,  interface  characterisation  has  been  carried  out 
with  various  mlcrostructural  observation  methods  and,  especially,  with  the  wetting 
experiment  with  the  assist  of  thermodynamic  considerations.  Successful  results  have 
been  achieved  from  such  semi-empirical  works.  The  active  metal  bracing  method  ia  one 
of  the  {fruitful  establishments.  In  a  recent  few  years,  the  research  has  also  directed 
towards  the  lattice  structure8  and  the  atomic  binding  at  the  dissimilar  materials 
interfaces9,  These  works  are,  however,  still  at  the  beginning  and  more  time  will  be 
required  to  obtain  the  comprehensive  explanation  of  ceramlc/metal  interfaces, 

Turning  our  interests  to  the  Influence  of  Interface  ohemistry  on  the  reliability  of  a 
joint,  fewer  works  have  been  reported  on  this  subject.  There  seems  to  be  some  close 
relation  between  interface  chemistry  and  scatter  in  strength.  The  points  are  not  on  the 
absolute  strength  of  an  Interface  but  on  the  homogeneity  of  interface  bonding.  If 
homogeneous  bonding  is  achieved  over  the  whole  interface,  the  scatter  in  strength  Is 
expected  to  be  small  even  though  the  binding  at  sn  atomic  scale  Is  weak.  Then,  from 
the  view  point  of  the  scatter  in  atrength,  one  should  think  about  the  homogeneity  of 
Interface  banding  and  this  Is  influenced  by  reaction  and  wetting  behavior. 

In  the  metal/metal  brazing  systems,  it  is  easy  to  get  homogeneous  wetting  between 


Fig-3  Schematio  Illustration  of  various  defect  structure* 
in  esramlc/metal  joint. 
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metal  aubatrates  and 
bracing  metals  such  as 
the  Cu/solder  system.  In 
the  cer amir/metal  brazing 
systems,  it  ia  also  possible 
to  obtain  similar  wetting 
behavior  by  using  the 
active  metal  brazes  for 
most  ceramics.  There  are, 
however,  some  exceptional 
brazing  systems.  The  A1 
based  alloys  are  regarded 
as  one  of  the  active  met* 
ala  since  A1  itself  is  quite 
aotive  against  moat  ce¬ 
ramics.  These  alloys  are 
useful  to  braze  ceramics/ 
metals  in  lower  tempera¬ 
ture  range  than  Ag-Cu-Ti 
alloys. 

Fig.ii  shows  Weibull 
plots  of  the  S13N.  joints 
brazed  with  pure  Al  and 
Al-X  (X»Si,  Mg)  binary  dilute  alloys*, 

The  scatter  in  strength  of  the  S13N4/AI- 
/S13N4  joint  is  small  and  the  addition  of  5 
small  amount  of  Si  does  not  influence  it  g 
so  much.  However,  a  similar  amount  of  3  ^ 

Mg  addition  to  the  braze  made  the  scat-  1 
ter  very  large,  These  changes  in  g 
strength  are  closely  related  to  the  change  f  3 
in  fracture  mode.  Fig.4  shows  the  * 

Weibull  modulus  of  Joint  strength  for 
various  brazing  alloys  as  a  function  of 
the  fraction  of  an  Interface  fracture  urea 
against  the  whole  Interface  area.  As  the 
fraction  of  Interface  fracture  area  increas¬ 
es,  the  Weibull  modulus  decreases.  The 
addition  of  Mg  Increases  interface  frac¬ 
ture,  From  TEM  observation,  it  was 
revealed  that  the  Mg  addition  changed 
the  interface  mioroetruoture,  Fig, 8  Bhows 
a  schematic  illustration  of  the  Si3N,/Al 

alloy  interface  and  the  fracture  patn,  When  Mg  was  not  In  the  braze  alloy,  a  nano- 
crystal  line  p'-aiulon  layer  and  an  Al-Si-O  amorphous  layer  were  formed  at  the  Interface, 
In  the  cuse  of  the  SIjN^/Al-Mg  Interface,  Mg  concentrated  at  the  interface  and  oxide 
products,  i.e.,  «-Al203  and  y-Al^Og  with  81,  were  discretely  formed  along  the  interface. 
The  fracture  path  primarily  runs  along  the  oxide  layer,  Thus,  the  addition  of  a  small 
amount  of  Mg  to  the  Al  braze  promotes  the  oxidation  of  Al  and  the  oxide  layer  a*  the 
interface  grows  thick.  Thla  miorostructural  ohaoge  Increases  the  scatter  in  strength  of 
the  joint  drastically.  The  reason  for  the  increased  scatter  in  the  presence  of  the  stable 
thick  oxide  products  can  be  ascribed  primarily  both  to  the  weak  bonding  between  the 


Arta  of  ultrfaclal  traclurt  I V,J 
Fig, 4  Weibull  moduli  of  SisN4  Joints  brsttd 
with  various  Al  alloys  os  s  function  of 
IVaotion  of  intsrfaca  IVacturs4. 


10  10  >0  ip  spin  to  100  100  300  ico  too  too 

banding  atrongth  (MPa) 

Fig, 8  Waibull  plots  of  banding  atrangtha  of  SLN./A1-X 
(X.SI,Mg)/SiaN4  joints4, 
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Kig.5  Goh«m*t;c  llluatratlona  of  InUrfaco  micro, 
atruotura  rnd  (Vtwtura  path*  of  SlaN4  Joint*  bhliad 
with  Al-Mg  alloy  (top)  rnd  with  pun  A1  (bottom). 


Al  oxlueu  and  SlaN4/Al  and  the  thermal 
exp'inaton  miamatch  between  Si,N4  and 
the  Al  oxides  which  will  lie  discussed 
later. 

The  presence  of  additives  In  ceramics 
may  also  influence  the  interface  chomlatry 
and  thon  the  reliability.  SlaN4  with  or 
without  the  additives  AI^O,,  and  YjGa, 
wort  braced  with  pure  Al  and  the 
strengths  of  theae  Joints  were  evaluated  6, 
TEM  observation  revealed  that  the  SLN4 
with  the  additives  formed  a  thick  AI-Si-0 
layer  roacnlng  1000  nm  while  thut  without 
any  additive  formed  tho  myor  400  nm 
thick  Elg.O  shows  the  Welbul!  olots  of 
strength,  The  joint  of  dlDN4  with  the 
additive  hue  higher  strength  and  smaller 
scatter  In  strength  than  the  Joint  without 
any  additive.  XT 3  analysis  showed  that 
fracture  of  tho  additive  free  HlaN4  joint 
occurred  at  tho  Al/roaotlon  la/or  Interface 
while  the  joint  with  tho  additive  fractured 
in  tn©  Al  layer,  Those  results  imply  that 
the  thick  Al-Si-0  layor  can  cover  the 
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FlK.7  EnV-t  of  pra -oxidation  of  Si,jN4  on  thb 
(Vitotiim  of  unjoined  hwh  ibrmod  cn  an  in  tor- 
fact  of  Si,,  N4  joint  bribed  with  A1H. 


interface  between  the  eubetrate  Si3N4  and  the  A1  braze  layer  much  more  uniformly 
than  the  thin  formation  of  the  layer.  Thla  mlcroetruotural  difference  eeemB  to  reeult 
in  changing  the  natter  in  atiwngth  between  the  two  caaee.  A  atmilar  reeult  has  been 
obtained  by  a  pre-oxidation*tre*tment  of  Si3N ,  before  brazing8.  The  oxidized  treatment 
of  Si3N4  promoted  wetting  between  Si,N4  ana  A1  resulting  in  decreasing  the  unjoined 
area  as  shown  in  Fig, 7.  The  oxidized  interface  had  a  thick  Al-Si-0  layer  aa  one  of  the 
two  reaction  layersT 

It  has  been  known  that  the  ion  mixing  of  a  oeramic/metal  interface  can  provide  good 
interface  adhesion 8,B,  Peteves  reported  the  influence  of  ion  beam  mixing  on  scatter  in 
strength  of  the  Cr-oosted  SlsN4/Ni-0r  alloy  joint*.  By  Xe  ion  irradiation  on  ths  Or* 
coated  surfaoii,  a  two-fold  improvement  in  Walbull  modulus  was  achieved  with  the 
improvement  ol'the  absolute  strength.  Though  a  definite  reason  for  the  Improvement 
in  Weibull  modulus  has  not  been  proposed  yet,  the  improvement  of  the  adhesion  of  Cr 
film  to  S13N4,  the  chemietry  change  due  to  the  enhanced  diffusion,  and  the  annealing 
out  of  some  of  the  reeldual  surface  damage  of  Si3N4  aeem  to  be  have  some  role. 

PHYSICAL  CONTACT  AT  INTERFACE 


In  the  actual  joining  se-  iu  . 
quences,  a  perfect  interface  „  #  v 

connection  over  the  whole  ri  «  \ 

interface  la  hardly  achieved  o  •  * 

within  a  certain  joining  period  £  Ml)  .  ^ 

and  temperature  limited  by  f  •  J  •  •  ss 

the  progreas  of  Interface  reac*  |  9  •  V 

tlon.  Thon  tho  initial  aurface  u  *  \ 

roughness  and  the  applied  a,,,,  t  \ 

preazure  havo  two  of  the  crltl-  J  #  ^  s  s, 

oal  parametefa  which  have  „  «  •  #  s 

great  influence  on  achieving 

interracial  contact  not  only  in  m  _  •*  s 

eolld-stato  bonding  but  also  In  [ _ , _ _ _ , _ , _ 

brazing,  In  solid-state  bond-  ““  *"  'w  “ 

Ing,  Interfacial  contact  la  pro-  »•***  uf  u,y°ln,!d  *rm  (%) 

muted  by  plastic  deformation  BBndinli  uf  ln<Uvldu*1  A‘a0jr'NB „J°lnu  “  “ 

in  the  early  stage,  following  by  uf  ul'inln"d  awa  on  lnWrlW  ' 

creep  deformation  and  diffusion  in  the  later  stage.  Pressure  primarily  influence!) 
achieving  contact  by  plastic  deformation  in  the  first  stage,  Unjoined  Islands  are  Inev¬ 
itably  formed  an  the  interface  under  u  limited  prusuuro.  Iv  will  be  dependent  on  the 
amplitude  of  pruaaure,  period,  temperature  und  vnrloue  material'*  factors  such  as  flow 
stress.  Flg.8  uhowu  tins  relationship  botwoen  the  fracture  stress  end  tho  unjoined  area 
of  the  solid-state  bonded  Al2Oa/Nb  joint10.  Apparently,  tho  increase  in  unjoined  urea 
deoronsns  tho  strength  of  tho  specimen,  Flg.il  shows  the  influence  of  the  unjoined  area 
on  the  scatter  in  strength,  uf  which  data  wore  obtained  by  changing  the  roughness  o! 
the  Nb  bond  face.  The  lurge  fraction  decreased  the  average  joint  strength  but  the 
Weibull  modulus  did  not  change.  Those  facts  imply  that  the  joint  fracture  initiated 
from  tho  siuno  origin,  l.o.,  tho  unjoined  Island  on  the  interface,  Tho  Importance  of  tho 
contact  pressure  during  joining  on  the  scatter  in  strength  has  boon  reported  by  Oottslig, 
et  al 1 1 ,  They  showed  that  tho  high  pressure  Joining  promoted  tho  substantial  reduction 
of  the  son  tier  in  atrongth, 

If  intorfuco  reliction  ruluusou  gas  us  tho  reaction  product,  tho  poros  filled  with  the 
gap  may  be  left  on  tho  Intorfuco  resulting  In  the  inhibition  of  contact,  The  Si3N4/Ni 
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Bunding  atrength  (MPa) 


Pig,  10  Unjolnad  edg*  bud  found  on  th»  fractur*  aurlkca 
of  an  Joint'3. 


Klg.fl  Influonot  of  unjoined  ami  fraction  (a) 
on  banding  atrangth  of  Ai^/Nb  joint* w, 


intorfaou  la  eonaidored  to  be  primarily  one  of  thin  eaue,  Thii  Interface  in  weak  duo  to 
the  proeenoe  of  poren  on  the  interface12.  Whan  Ni  contain*  nitride  forming  element* 
auoh  aa  Cr,  no  pore  la  formed  at  an  Interface  and  the  atrangth  la  Improved6,13, 

Unjoined  area  la  frequently  formed  at  tho  edge  of  a  Joint  aa  the  banded  region  aa 
ahov/n  In  Fig,  10,  Thla  edge  dofsut  weaken*  the  joint  extremely  aa  It  work*  a*  a  notch 
induced  on  the  Interface,  Fig.ll  ahowa  the  typical  poaltion  dependant  atrangth  data 
obtained  for  the  SLN^/Fe  foll/SLN^  joint14.  The  Interface  atrangth  waa  quite  high 
reaching  500  MPa  but  It  wow  obtained  only  In  the  central  area  of  tho  joint.  Suoh  a 
phenomenon  has  boon  reported  for  varlou*  ayatem*.  Tho  edge  unjoined  defect 
originate*  horn  aeveral  mamma,  One  ie  the  flatmate  of  the  Interface.  Mechanical 
flnlahing  of  bond  facoa  Inevitably  cute  extra  volume  uway  from  the  edge  region. 


0  (MPa) 


Kig.lt  t'odtion  dapondonoa  of  bunding  Mtrcngth 
of  Hi,,N^/K o  Joined  at  K)00  "C  ft-  30  min  under 
a  pr«»»ur«  of  20  MPxu. 


Strength  (xKXlMPo) 


Kig.  12  HflWii  .if  applied  pruaura  on  bending 
atrangth  of  joint*  hrutttd  with  Allft 
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The  iuhomogeneit}  in  deformation  of  the  metal  layer  will  alao  refloat  the  phenomenon. 
In  the  cnee  of  the  reaotion  gas  releasing  ayatom,  the  reaction  in  the  outer  region  may 
be  promoted  by  continuous  evacuation*',  Thla  will  cauaoa  exoeaa  thinning  of  the 
ceramic  at  the  edge  region. 

In  braving,  preaaure  alao  haa  great  effect  on  atrength  and  ite  acatter.  The  change* 
in  lnterinyar  thlokneaa  and  uniformity  aeem  to  bo  reaponaible  for  the  influence,  Fig, 12 
ehowa  the  eflbot  of  bracing  preaaure  on  the  atrength  of  the  SiaN4  joint  with  an  A1 
brave11,  Only  alight  applied  preaaure  ia  enough  to  produce  a  aound  joint  with  little 
acotter  in  atrength.  Johnson  reported  the  Influence  of  the  brave  layer  thlokneaa  effect 
on  the  atrength  of  the  Sl,N4  joint  braced  with  thn  Ag-Cu-Ti  brave'1.  The  atrength  of 
the  joint  waa  proportional  to  the  inverse  of  the  square  root  of  joint  thickneoa  when  the 
thldknees  waa  bulow  SO  pm.  Thla  indicates  that  the  joint  layer  becomes  one  of  the 
defects  of  which  aice  ia  taken  aa  the  thickneoa,  Further  work  is  required  to  prove  this 
effect, 

Thus,  from  the  proceeeing  stand  point,  an  appropriate  preaaure  both  for  aolid-atate 
bonding  and  fbr  braving  ahauld  be  determined  together  with  thn  other  processing  end 
materials  parameters,  To  remove  the  edge  unjoined  region,  hydrostatic  pressing  suoh 
tut  HlPlng  becomes  one  of  the  powerful  methods,  Utilising  the  roughness  effect  of  a 
metal  la  alao  useful10. 

U'MAOE  ON  nOND  FACE  OF  CERAMIC 


Surface  roughness  haa  several  effects  an  thn  atrength  of  a  ceramlc/mutal  joint, 
liough  surface  will  prevent  camplating  contact  at  an  Interface  under  a  limited  preaaure 
and  may  have  the  damaged  layer  In  a  ceramic  near  an  Interface  which  haa  deep 
nuratchue  and  severe  residual  atroaa,  On  the  other  hand,  an  Irregular  bond  face  may 
have  an  anchoring  effect  which  promotes  joining  by  muohanioal  interlocking-  In  the 
actual  caae,  those  effects  influence  the  mechanical  properties  of  a  joint  in  a  competing 


way, 

Fig,  1.3  shows  the  Weibull 
plots  of  tho  strength  of  the  SI»N4 
Joint  braved  with  pure  Ai  varying 
tho  surface  grinding  condition’*. 
Clearly  the  rougher  bond  face 
made  tho  Joint  weaker,  Thla  Is 
because  tho  roughly  ground  bond 
face  has  a  damaged  layer  and  it 
remains  in  thn  Joint  oven  after 
Joining  treatment.  The  fracture 
of  the  joint  occurs  in  the  dam¬ 
aged  layers  along  tho  joining 
Interface,  Thua,  u  reughly 
ground  bond  face  can  weaken  the 
curamie/mutal  joint  If  the  dam¬ 
aged  layer  remuina  in  the  joint, 
The  surface  finishing  methods 
also  have  important  influence  on 
the  roughness  offsets,  To  make 
a  certain  rough  surface  by  polish¬ 
ing  is  one  of  the  promitting  condi¬ 
tions  for  metal  ceramic  Intor- 
faca'8. 


500  700  900 
Strength  (MPa) 

Fig,  13  Ir.fluvnc*  ofiurOuM  ruughnans  of  ■  bond  Uum 
on  banding  strangth  of  SlaN(  Joint*  brand  with  Ai17. 
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THERMAL  STRESS 

The  distribution  of  thermal  (or  residual)  stress  is  not  uniform  in  a  ceramic/metal 
joint  even  along  the  interface.  Concentration  of  thermal  stress  becomes  more  sever 
with  proximity  to  the  interface  and  to  the  free  surface.  The  most  harmful  effect  is 
caused  by  the  tensile  part  of  the  thermal  stress  at  the  Interface  or  in  the  ceramio.  The 
maximum  tensile  stress  concentrates  on  or  near  the  Interface  and  on  the  free  surface. 
Since  this  stress  acts  almost  vortical  to  the  interface,  the  apparent  interfaota!  strength 
measured  by  tensile  or  bending  tests  is  substantially  reduced.  The  amplitude  of 
residual  stress  depends  on  the  shape  and  dimension  of  the  interface10,  Fig, 14  shows 
the  diameter  dependence  of  the  thermal  stress  of  the  SlgN^/invar  alloy  joint  measured 
on  the  surface  near  the  interface,  The  larger  diameter  made  the  larger  residual  stress. 
It  Is  also  noteworthy  that  stress  concentration  at  the  corner  of  the  rectangular  bond  face 
joint  is  more  serious, 


The  joint  with  large  thermal  expansion  mismatch  decreases  strength.  However,  it 
occasionally  happens  that  some  specimen  is  strong  but  the  other  is  weak  even  if  they 
are  the  same  kind,  This  depends  on  the  presence  and  distribution  of  internal  flaws 
induced  by  thermal  stress  during  joining  treatment,  The  strengths  of  the  SigN^/lnvar 
and  SigN^/kovar  joints,  which  are  differing  in  the  amplitude  of  thermal  street,  were 
oxamlnod  statistically^0 ,  The  latter  joint  had  larger  thermal  stress  than  the  former  as 
soon  In  Fig, 14.  The  strengths  of  the  joints  are  shown  in  Flg.lS,  The  SLN^/ltivar  joint 
exhibited  good  strength  with  small  scatter,  On  the  other  hand,  the  SigN^/kovar  joint 
had  distinguished  two  parts  In  the  distribution  of  strength,  While  one  was  high 
strength  with  email  scatter,  the  other  wus  wnak  with  large  scatter.  The  latter  joint 
always  had  the  interfacial  flaw  which  wan  formed  on  cooling  from  the  joining 
temperature,  Thua,  large  thermal  stress  occasionally  Induces  flaws  Into  a  joint,  which 
do  not  only  weaken  the  joint  but  also  may  make  the  scatter  in  strength  large.  In  other 
words,  it  is  very  Important  to  evaluate  the  scatter  in  strength  especially  tor  joints  with 
large  expansion  mismatches.  Several  effective  methods  to  relax  tho  Influence  of 
thormal  stress  has  been  reviewed  in  ref.[21]. 
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fig, 15  Waltmll  plots  of  bonding  strengths  of  Sl,,N4/lnv*r  and  Sl,,N4/kovar  joint*  braisd  with  Al*1 

SUMMARY 

Thin  paper  hug  focused  on  thu  reliability  of  joining  ceramics  and  metals  especially 
on  the  scatter  in  strength,  The  Influences  of  several  important  processing  fuctoru  have 
been  made  clearer.  Nu  mention,  however,  has  been  made  on  the  reliability  during  the 
operation  of  joint  products,  l.o,,  the  time  dependent  change  in  the  reliability.  In 
practical  application,  a  coramlu/matal  joined  component  1b  used  not  only  under  an 
external  stress  but  under  the  internal  stress  originating  from  the  elaatic  and  expansion 
mismatch,  Since  most  of  engineering  ceramics  such  as  SLN4  and  SIC  usually  suffer 
from  anveria  thermal  stress  during  operation  because  of  their  extremely  small  thermal 
expansion  coefficients  against  metul  components,  then  thermal  stress  will  be  one  of  the 
most  domlnunt  factors  to  restrict  the  life  time  of  joints.  There  are  other  important 
factors  in  determining  the  life  time,  l.o.,  environmentally  induced  degradation  such  as 
oxidation,  corrosion,  stross  assisted  corrosion  and  also  fatigue.  Dp  to  this  mom  ant,  only 
a  few  works  hava  boon  carried  out  on  thoso  subjects22'22.  Further  intensive  works  uro 
required  for  u  full  understanding  of  the  mechanisms  by  which  joint  strength  decreases 
In  curtain  environments  and  also  for  establishing  the  design  technology  for  a 
oorumlo/motul  joining  Bystom,  Such  efforts  are  expoatod  to  accompany  both  the 
dovelopmunt  of  now  techniques  and  the  refinement*  of  existing  techniques, 
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ABSTRACT 

We  have  designed,  constructed,  and  are  operating  a  unique  capability  for  the  production  of  highly 
controlled  homophase  and  heterophase  interfaces:  an  ultrahigh  vacuum  diffusion  bonding  machine.  This 
machine  is  based  on  a  previous  design  Wulch  is  operating  at  the  Max  Planck  Ins  ti  tut  ftlr  Metallforschung, 
Institut  filr  WeikstoSfwlssenschaft,  Stuttgart,  FRG.  In  this  method,  flat-polished  single  or  polycrystals  of 
materials  with  controlled  surface  topography  can  be  heat  treated  up  to  150G°C  in  ultrahigh  vacuum. 
Surfaces  of  annealed  samples  can  be  sputter  cleaned  and  characterized  prior  to  bonding.  Samples  can  then 
be  precisely  aligned  crystallographicaliy  to  obtain  desired  grain  boundary  misorientations.  Material 
couples  cun  then  be  bonded  at  temperatures  up  to  1500°C  and  pressures  up  to  10  MPa.  Results  are 
presented  from  our  initial  work  on  Mo  grain  boundaries  and  C11/AI2O3  interfaces. 

INTRODUCTION 

The  lack  of  well  characterized,  precisely  oriented  interfaces  has  been  identified  as  limiting  the 
capability  of  the  Interface  Science  community  to  make  progress  in  the  study  of  s'ructure  and  properties 
ofinterfaces.  Lawrence  Livermore  National  Laboratory  and  Sandiu  National  Laboratories  are  developing 
a  multi-disciplinary,  muld-institutional  research  effort  in  interface  science.  This  research,  which  focuses 
on  the  influence  of  impurities,  flaws,  and  inclusions  on  adhesion  and  bonding  at  internal  interfaces  will 
rely  on  the  availability  of  bicrystals  with  well  defined  intcrfaclul  chemistry  and  highly  reproducible 
misorientations.  The  capability  to  produce  such  bicrystals  did  not  exist  within  the  United  States  although 
it  is  critical  to  further  advancement  of  interface  science  and  technology. 

BACKGROUND 

To  address  this  need  we  have  selected  the  diffusion  bonding  approach,  which  was  successfully 
demonstrated  at  the  Max  Planck  Institut  in  Stuttgart,  for  application  to  the  class  of  interface  problems  of 
interest. 1  * 2  Figure  1  shows  a  rendering  of  the  design  of  the  UHV  diffusion  bonding  machine.  It  comprises 
tour  chambers:  a  surface  analysis  chamber,  a  diffusion  bonding  chamber,  an  annealing  chamber,  and  a 
surface  modification  chamber  (not  shown),  typically,  a  sample  is  Erst  introduced  into  the  annealing 
chamber  via  either  an  airlock  chamber  (Figure  2) .  The  sample  is  annealed  in  ultrahigh  vacuum  to  1 500°C 
to  stabilize  the  microstnicture. 

After  annealing,  a  rail  system  transports  the  sample  tci  the  surface  analysis  chamber,  to  the  surface 
modification  chamber,  or  to  the  bonding  chamber.  A  special  manipulator  (sec  the  Figure  3)  moves  the 
sample  to  the  railroad  car.  In  the  surface  analysis  chamber  (Figure  4),  sample  surfaces  are  sputter-cleaned 
with  a  500  eV  ion  beam  at  an  incidence  of  15  deg.  The  sample  can  be  rotated  during  sputtering  to  ensure 
that  material  is  removed  uniformly.  The  sample  can  be  heated  at  the  same  time  lo  about  1 000°C  to  purify 
its  near-surface  region.  Surface  cleanliness  and  levels  of  surface  doping  are  assessed  with  Auger  electron 
spectroscopy,  low-energy  electron  diffraction,  and  static  secondary-ion  mass  spectrometry. 

In  the  surface  modification  chamber  (planned  for  1994),  the  sample  can  be  rotated  to  fs.'c  a  low-energy 
ion  implantei .  The  implanter  has  two  Ion  sources  to  provide  both  gas  and  other  ions.  The  sample  can  be 
further  rotated  to  face  an  electron-beam  evaporator  or  a  magnetron  sputtering  source,  where  it  can  be 
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Figure  1 ,  Rendering  of  the  Lawrence  Wemire  National  Laboratory  VHV  Diffusion  Bonding  Machine, 


Fig  ui  c  l  Cut-away  view  of  the  annealing  chamber.  Figure  3.  MuUI-urtlculatrd  manipulator  for 

Air-lock  chamber  le  shown  at  right,  Radio  frequency  manipulating  samples  in  vacuum  without  sample 

(RF)  furnace  Is  shown  at  top  center.  Holder.  The  mechanical  hand  at  the  end  of  the  arm  Is 

shown  grasping  a  coin. 

loaded  ontoaheated  sample  holder,  An  airlockis  Included  in  the  surface-modificationchaniberfcdoading 
and  unloading  samples. 

In  the  bondkg  chamber  (Figure  5),  samples  are  stacked  on  the  lower  nun  of  the  diffusion  bonding 
press.  A  spacer  is  lint  placed  on  the  run  and  fixed  with  a  set  of  fingers  on  a  precision  crystal-orientation 
device  (Figure  6).  The  first  sample  is  stacked  onto  the  spacer,  and  another  set  of  fingers  is  driven  In  to  hold 
the  sample.  The  next  sample  is  placed  on  top  of  the  first  sample  and  fixed  with  a  third  set  of  fingers.  Finally , 
a  second  spacer  is  stacked  on  the  top  of  the  samples  and  positioned  by  a  final  set  of  fingers. 
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Figured  Cut-away  view  of  the  sinfitce  analysis  FigurtS.  Cut-away  view  of  the  dUfitsiim  bonding 

cheunber, S/MS  Ion  glut  Is  shown  at  lop  left.  SIMS  chamber.  Bonding  chamber  and  pressure  shown  at 

guardupole  mass  spectrometer  is  shown  at  top  right.  top  left. 

A  laser  beam  is  then  reflected  off  the  edge  of  the  bottom  sample  in  the  stack.  Tlas  sample  is  rotated 
with  the  precision  crystal  orientation  device  until  a  prepolished  optical  flat  reflects  the  laser  beam  through 
a  port  of  the  diffusion  bonding  chamber  onto  a  screen.  The  position  of  the  reflection  is  noted,  and  the  laser 
beam  isthen  raised  to  Intersect  the  upper  sumple.  This  sample  istotated  so  that  the  reflection  fromltsoptical 
flat  coincides  with  the  reflection  from  the  bottom  sample.  The  rotation  gears  of  the  precision  cry  flat 
orientation  device  are  locked,  and  the  upper  ram  is  brought  to  bear  upon  the  sample  stack.  A.  small  load 
is  added,  and  the  lingers  are  withdrawn.  The  entire  stack  is  then  raised  into  the  furnace  for  bonding.  An 
airlock  is  also  incorporated  in  the  diffusion  bonding  chamber  to  facilitate  removal  of  bonded  samples , 


RESULTS  AND  DISCUSSION 


Fracture  of  the  Cu/Alumina  interface 

We  have  fabricated  samples  intended  for  fracture  testing  using  the  Ultrahigh  Vacuum  Diffusion 
Bonding  Machine.  These  samples  were  diffusion  bonds  of  polycrystalline  high  purity  copper  fobs, 
~200  pm  thick,  to  high  purity  polycrystalline  alumina  rods,  2,0  cm  long,  The  foil  geometry  was  selected 
to  minimize  the  contribution  of  bulk  plasticity  to  the  fracture-resistance  measure  met1...,  tiurfaco  of  the 
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Figure  0.  Schematic  diagram  of  precision  crystal 
orientation  device. 


copper  foils  and  alumina  rods  were  sputter  cleaned  i> 
situ  prior  to  bonding.  Bonding  was  curried  out  ns  a 
function  of  temperature  (800, 875,  or  960'C)  and  time 
( 1  or  2  hours)  at  a  bonding  load  of i  ,0  MPa.  Re-'Ultant 
bonded  samples  yieldedsevend  -pointbend  testsrtn;;te, 
Figure  7  demonstrates  how  this  geometry  wan 
fabricated  such  that  it  could  be  bonded  in  ultrahigh 
vacuum  where  the  samples  are  handled  remotely  with¬ 
out  sample  holders.  The  pieces  at  left  are  the  starting 
materials,  flat-  polished  aluminnrods,  a  thlnCu  foil,  and 
a  support  ring  for  the  copper  foil .  Two  support  rings  are 
spot  welded  to  the  rim  of  the  Cu  foil  Thu  support  ring 
facilitates  the  remote  handling  of  the  samples  in  the 
ultrahigh  vacuum.  The  bonding  pit  cess  proceeded  as 
follows;  First  an  alumina  rod  was  loaded  into  the 
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Flgur,  7.  Ftibrirailon  of4~pulnt  band  aantplas.  Alumina  rod,  Cu  fail,  and  Cu  ring  at  Igji.  Aa-bondad  aamplaa  at 
eantar,  On*  of  sam  band  Hal  samp  la  a  out  from  a  tingle  *«;.//«  at  right,  Magnlflad  Imaga  of  bond  tin*  at  far  right. 


surface-analysis  chamber  of  the  uluuhigh  vacuum  diffuse  bonding  machine.  The  alumina  was  sputter 
denned  using  ~2  x  10,H  Xe+^'/cm1  In  order  toreduce  the  hillock  formation  that  is  typical  in  sputtering, 
(he  ion  beam  was  incident  at  15°  from  hctLsontal  and  the  sample  was  rotated  during  sputtering.  After 
eleani .  ig,  the  alumina  was  transferred  to  the  diffusion  bonding  chamber  and  loaded  on  the  lower  ram  of 
die  diffusion-bonding  press.  The  Ou  foil  was  then  sputter  cleaned  on  both  sides  using  a  procedure  similar 
to  that  used  for  the  durrdna  except  that  the  Cu  was  heated  to  ~400°C  during  sputtering,  The  Cu  foil  was 
stocked  atop  the  first  alumina  tod  in  the  diffusion  bonding  chamber,  Finally,  the  second  alumina  bar  was 
cleaned  and  the  sample  stack  was  completed,  A  loud  of  i.6  MPa  was  applied  to  the  stack  and  the  stack 
was  raised  into  the  raruo-fnsquency  heater  in  the  diffusion  bonding  chamber.  The  temperature  was  ramped 
to  the  set  point  over  25  min  followed  by  the  soak  time  and  then  ramped  back  to  room  temperature  over 
15min.  During  thebondlng  process,  thevacuum  in  the  diffusion  bonding  chamber  typically  dldnot  exceed 
5  x  lO^torr.  The  samples  at  center  in  Figure?  show  the  as-bonded  configuration,  It  is  possible  to  produce 
1  -2  samples  per  day  of  this  type,  After  removal  from  the  bonding  maebi  ne,  the  each  sample  was  cut  into 
seven  3  x  3  x  40  mm  bars  for  4-point  bend  testing.  This  bend-test  sample  configuration  is  shown  at  right. 
The  inset  figure  shows  a  'nicrograph  of  the  Cu  foil  bonded  between  two  alumina  bars.  A  human  hair  is 
included  In  the  micrograph  illustrating  the  thinness  of  the  Cu  foil, 

Samples  were  notched  for  4-point  bend  testingusingahigh-speedfaw,  Notches  werecut0.5  mm  deep 
with  a  kerf  of  -37  pm,  Samples  were  loaded  on  a  4-point  bend  fixture,  The  mid-point  deflection  was 
monitored  using  a  spring-loaded  probe  fitted  with  two  opposing  clip  gauges,  Load  and  mid-point 
displacement  were  monitored  as  a  function  of  time  for  a  constant  cross-head  displacement  rate.  Figure 
8  allows  a  typical  load  vs  time  curve, 

Uondtok  Kinetics  of  Cu  with  Sapphire 

To  determine  the  conditions  under  which  completely  dense  interfaces  form,  we  are  studying  die 
evolution  of  bonded  interfacial  area  as  a  function  of  bonding  temperature  and  time.  The  system  under 
investigation  is  copper/sapphire.  Insight  will  be  gained  from  this  study  Into  the  appropriate  bonding 
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conditions  for  copper/alutnina  mechanical  test 
spec  Imens  and  data  will  be  obtained  on  a  model 
system  in  diffusion  bonding, 

In  the  analysis  chamber  of  the  UHV  Diffu¬ 
sion  Bending  Machine,  the  surfaces  of  the 
specimens  to  be  bonded  were  cleaned  by  ion 
sputtering  with  Xe+  ions  at  1  keV.  The  samples 
were  totaled  during  sputtering  to  maintain  an 
even  surface  finish.  Hie  cleaned  surfaces  were 
placed  together  in  the  bonding  chamber  and 
high  purity  alumina  spacer  blocks  Inserted 
between  the  specimens  and  the  rams  of  the 
hydraulic  press .  To  ensure  proper  alignment  of 
the  specimen  stack  so  that  the  applied  force  is 
distributed  as  an  uniform  pressure  on  the  bond 
area,  die  top  spacer  block  had  a  spherical  radius 
of  curvature  ground  on  one  end  to  allow  point  contact  with  the  top  ram.  The  applied  force  resulted  in  a 
pressure  of  1  MPa  at  the  bonding  interface  in  all  cases  studied  here. 

The  bonding  temperature  and  times  were  varied  to  study  their  effects.  The  temperatures  chosen  were 
800, 900, and  1000,C and  the  times  were  1, 2, and4hr.Ouring  the  diffusion  bonding  heatcycle  the  pressure 
in  the  bonding  chamber  never  exceeded  1  x  10"8  torn,  The  heating  and  cooling  rates  were  20  and  15°C/ 
min,  respectively. 

The  characterization  of  the  bonded  area  at  the  interface  was  done  by  optical  microscopy  through  die 
sapphire.  Under  normal  incidence  light  conditions,  as  in  the  micrograph  shown  in  Figure  9,  the  bonded 
areas  am  light  in  contrast  because  the  copper  is  conforming  to  the  polished  surface  of  the  sapphire  and 
reflecting  light  back  into  the  objective.  Hie  micrographs  were  digitized  and  a  brightness  threshold  was 
chosen  for  each  micrograph  which  corresponded  with  the  bonded  area.  The  number  of  pixels  above  this 
brightness  was  summed  and  an  area  fraction  was  calculated. 

Some  results  are  shown  In  the  In  Figure  1 0a  and  b.  The  average  measured  bonded  area  is  shown  along 
with  the  high  and  low  measures  indicating  the  variability  in  bonded  area  density  across  the  entire  interface. 
The  results  indicate  that  achieving  a  fully  dense  interface  in  the  copper/alumina  system  requires  lengthy 
bonding  times,  probably  6  to  12  hr,  at  1000°C  or  higher. 


Figure  8.  Typical  load  w,  lint  data  Jor  4 -point  bead 
lamplr  shown  In  Figure  7. 


Figure  9a.  Fractional  bonded  area  as  a  /Unction  of  time  Jor  Figure  9b.  Fractional  bonded  area  as  a  J Unction  of 
constant  temperature  and  pressure.  temiierature  for  constant  lime  and  pressure. 
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Cu/Ti/AIumina  Interface 

In  this  experiment,  »50A  of  Ti  was  sputter  deposited  on  a  piece  of  sapphire.  The  Ti  was  then  covered 
with  ~2pmofCu,  The  samples  were  removed  from  the  sputter  deposition  machine  and  loaded  into  the 
ultrahlgh  vacuum  dlflhsion  bonding  machine.  Bulk  poly  crystalline  oxygen-free  high  conductivity  copper 
was  bonded  to  the  coated  sapphire.  Surfaces  of  the  copper  and  coated  sapphire  were  sputter  cleaned  in- 
sltu  prior  to  bonding.  Bonding  was  carried  out  as  at  200CC  for  1  hour  at  a  bonding  load  of  1.0  MPa 
Resultant  bonded  sample  was  cut  into  the  appropriate  geometry  for  analytical  electron  optical  observation. 
The  Figure  1 1  shows  a  cross-section  electron  micrograph  of  the  bonded  interface  inset  within  the  x-ray 
energy  dispersive  spectroscopy  profile, 

Mo  Bicrvstals 

We  have  fabricated  two  bicrystals  Intended  for  grain  boundary  atomic-structure  determination  using 
the  Ultrahigh  Vacuum  Diffusion  Bonding  Machine,  This  sample  was  a  diffusion  bond  of  a  pair  of  Mo 
single  crystals.  The  Mo  single  crystals  were  oriented  along  <3 10>,  sliced  parallel  to  the  (3 1 0)  plane,  and 
flat  polished  and  precisely  oriented  to  within  0.1 0  of  (310). 

The  rate  of  diffusion  bonding  is  controlled  by  surface  diffusion  which  is  a  function  of  temperature  and 
pressure.  WesecklnterfaceswlthcontroUedgeometries(usuaUyplanar)andchemistries,  Such  interfaces 
can  only  be  obtained  by  minimizing  the  temperature,  pressure,  and  time  for  diffusion  bonding  in  order  to 
discourage  boundary  migration,  deformation,  and  segregation  of  impurities  to  the  interface.  A  key  to 
reducing  bonding  temperature,  pressure,  and  time  Is  the  minimization  of  the  voiumeof  materials  that  must 
be  transported  by  surface  diffusion  in  order  to  eliminate  porosity  at  the  interface.  This  has  been 
accomplished  by  controlling  the  flatness  of  the  surface  of  the  samples  to  be  bonded.  Typical 
mctallographic  preparation  methods  yield  samples  with  peak-to-vailey  deviations  from  flatness  of 
-1000  run.  This  flatness  has  been  significantly  improved,  <100  nm,  by  using  techniques  used  in  the 
polishing  of  precision  optics,  namely  pitch  polishing. 

Surfaces  of  the  Mo  single  crystals  were  sputter  cleaned  in-situ  prior  to  bonding.  Bonding  was  carried 
out  ut  1400“C  for  four  hours  at  a  bonding  load  of  1 ,0  MPa.  The  bicrystal  was  aligned  and  bonded  as 
described  above.  Resultant  samples  were  be  cut  into  the  appropriate  configuration  for  observation  in  the 
high  resolution  electron  microscope,  A  high  resolution  image  taken  on  the  JEOL  4000KX  at  SNL.L  from 

u  suitably  thin  area  of  a  specimen  (Figure 
1 2a)  is  shown  in  Figure  12b.  The  bound¬ 
ary  is  asymmetric  tilt  boundary  with  [001  ] 
tilt  axis  whichfomu  a  twin  about  the  (3 1 0) 
plane.  The  high  resolution  image  in  Figure 
12b  repesents  a  projection  of  the  atomic 
stmefure,  in  this  case,  parallel  to  the  tilt 
axis.  The  high  resolution  image  is  espe¬ 
cially  well  suited  to  revealing  any  rigid 
body  translations  present  between  theory  s- 
tals  at  the  boundary,  which  is  u  common 
feature  of  EAM  structure  predictions, 
Further  structural  details  are  compared  to 
predicted  structure  by  using  those  struc¬ 
tures  in  high  resolution  image  simula¬ 
tions,  as  discussed  earlier. 
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Figure  1 I.  X-ray  energy  dispersive  spectroscopy  trace  of 
At,  Ti,  and  Cu  Ka  g-rays  as  a  function  of  position  relative  to 
the  Interface  between  Cu  (at  iefi  in  Inset  electron 
micrograph)  and  sapphire  (at  right), 


Figure  12a ,  Low  magnification  Image  of  Mo  blctyslal 
illustrating  long  flat  regions  of  interface, 


Figure  12b.  HREM  Image  from  section  of  Interface  In 
Figure  J2a„ 


CONCLUSIONS 

The  new  ultrahigh  vacuum  diffusion  bonding  machine  offers  a  number  of  new  opportunities  in  the 
study  of  interface  science; 

•  Controlled  interface  crystallography  uan  be  used  to  carefully  investigate  interface  atomic 
structure 

•  Controlled  interface  topography  can  be  used  to  investigate  the  effect  of  flaws  on 
lnterfucial  toughness 

•  Controlled  interface  chemistry  can  be  used  to  study  the  effect  of  impurities  on  into  facial 
adhesion  and  bonding 

•  Macroscopic  bicrystals  (as  opposed  to  thin  films)  can  be  used  to  carry  out  mechanical 
tests  as  well  as  for  validation  of  theoretical  predictions  of  atomic  structure 

•  Homophase  boundaries  (c.g.  grain  boundaries  in  metals,  intermetallics,  or  ceramics)  and 
heterophasc  boundaries  (e.g,  metul/ceramic  interfaces,  metal/semiconductor  interfaces) 
cun  be  produced 
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TOWARDS  AN  UNDERSTANDING  OF  THE  REACTION  SEQUENCES  IN  BRAZED 
JOINTS!  INVESTIGATION  OF  THE  Ti-Cu-0  TERNARY  AT  94J-C. 
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ABSTRACT 

The  joining  of  ceramics  using  active  metal  braze  alloys  is  an  attractive  technique  and 
has  been  used  for  a  variety  of  material  systems,  The  braze  alloys  usually  contain  an  active 
element  such  as  T1  which  can  reduce  the  ceramic  and  form  a  strong  bond  across  the  interface. 
Mlcrostructurai  characterizations  of  brazed  interfaces  have  been  widely  reported,  though 
reusons  for  the  formation  of  reautlon  products  and  their  sequence  is  not  clear  due  to  tho  tack 
of  thermodynamic  information  on  the  phases  formed, 

The  Ag-Gu-Ti/AljQj  system  contains  an  interface  where  Ti,  the  active  element  in  the 
braze  ulloy,  reduces  AljOj  to  form  luyers  of  reaction  products  which  include  (TI.Cu.AOgG, 
un  MgX  type  compound,  In  this  study  we  have  looked  at  the  Ti-Cu-0  system  us  a  first  step 
towards  understanding  the  Ag-Cu-Ti/AljOi  syatem.  A  section  of  the  Ti-Cu-0  ternary  was 
investigated  ut  945°C,  The  system  contains  two  M^X  type  compounds,  T^C^O  und 
TI3CU1O,  which  have  independent  single  phase  fields.  A  Ti  activity  diagram  was  generated 
from  the  available  thermodynamic  Information  and  the  knowledge  of  the  ternary  section.  The 
two  reaction  sequences  reported  for  such  interfaces  were  analyzed  bused  on  the  activity 
diagram. 


INTRODUCTION 

The  extreme  and  often  contradictory  demands  on  the  materials  in  use  today  has  marie 
joining  of  dissimilar  materials  a  necessity,  For  example,  ceramics  und  metals  car.  be  joined 
to  produce  a  component  with  unique  properties.  Brazing  of  metal  shanks  to  ceramic  tool  bits 
is  a  typical  example.  Joining  muy  also  be  employed  to  overcome  processing  limitations  In 
the  production  of  ceramic  components  with  complex  geometries,  T  hus  the  joints  may  either 
be  of  tho  ceramic  metal  or  cerumic-cernmic  type,  Joining  techniques  that  are  commonly 
employed  include  metallization,  shrink  filling,  diffusion  bonding,  und  brazing  with  variations 
for  particular  applications, 

Brazing  of  two  components  usinga  filler  metal  is  a  relatively  simple  tcchnlaue  which 
can  produce  a  strong  hermetic  joint,  To  form  a  brazed  joint,  a  metal  alloy  or  suitable 
composition  is  sandwiched  between  the  components  to  be  joined;  the  assembly  is  then 
heated,  usually  in  a  vacuum  and  under  a  nominal  load,  to  a  temperature  slightly  above  the 
melting  point  of  the  alloy,  and  finally  cooled  to  room  temperature.  The  heating  and  cooling 
cycle  is  designed  to  maximize  the  wetting  und  adhesion  resulting  from  interfacial  reactions 
and  to  minimize  the  thermal  expansion  mismatch  se  esses  in  the  joint, 

The  alloy  used  as  a  filler  Is  composed  of  a  eutectic  with  a  melting  point  higher  thun 
the  application  temperature  of  the  joint,  Since  most  metals  do  not  wet  ceramics,  an  uctive 
element  is  usually  added  to  improve  wetting  behavior.  An  uctive  element  is  defined  as  one 
which  cun  reduce  the  ceramic  and  form  u  strong  chemical  bond  at  the  interface.  Although 
elements  belonging  to  the  1VB,  VB,  and  VIB  groups  along  with  Nl  and  Pd  [1-3]  are  possible 
candidates,  Ti- containing  braze  alloys  are  the  most  extensively  studied  in  the  literature  [4,3], 
The  commercially  available  braze  ulloys  (c,g,,  those  from  Wesgo,  Inc.,  Belmont,  CA) 
contain  a  Cu-Ag  or  C>i-Au  eutectic  as  the  primary  component  along  with  un  uctive  element. 
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Other  elements  may  be  present  either  to  enhance  the  activity  oi  the  active  element  or  to 
Improve  the  corrosion  resistance  of  the  alloy. 

The  microstructure  at  the  A{t-Cu-Ti/Al20;j  interface  has  been  reported  [6,7,8].  The 
formation  of  MSX  type  compounds, TI3CU3O  and  TI4CU2O,  ss  reaction  products  is  a 
characteristic  of  this  interface.  These  compounds  form  as  a  continuous  layer  across  the 
interface  and  hence  their  properties  aw  of  interest  in  evaluating  the  joint.  The  thermal, 
mechanical,  and  electrical  characterization  of  these  two  MgX  compounds  in  the  Tl-Cu-0 
system  have  been  reported  elsewhere  [9j. 

In  this  investigation,  we  have  looked  at  the  phase  stability  of  the  MftX  compounds 
with  other  phases  In  the  Ti-CuO  system  at  943  °C.  The  phase  stability  data  wus  coupled  with 
Information  available  on  the  TiO  binary  system  to  estimate  the  activities  of  Ti  and  O  in  the 
three-phase  regions.  A  Tl  activity  diagram  was  generated  based  on  this  Information,  and  wus 
used  to  justify  the  reaction  sequences  at  such  interfaces, 


EXPERIMENTAL  PROCEDURE 

The  three-phase  samples  were  mndn  by  mixing  powders  of  Tl,  TiQ2,  Cu  and  CuO  In 
proper  proportions  and  pressing  them  into  pellets.  The  pellets  were  then  arc-melted  in  uu  Ar 
atmosphere  for  six  seconds  and  then  turned  over  and  remelted  to  ensuro  homogenization, 
The  resulting  buttons  were  sealed  in  evacuated  quartz  tubes  and  annealed  at  945*C  for  four 
days.  The  samples  were  air-quenched  while  still  under  encapsulation, 

The  samples  were  polished  to  a  0.25pm  finish,  mounted  in  bakellte  molds  anu 
analyzed  in  an  electron  microprobe.  The  elemental  componltlons  were  determined  by 
wavelength  dispersive  spectrometry.  The  standards  used  were  Ti  metal  and  T102  for  Tl,  and 
Cu  metal  for  Cu.  NIST  (Nutlonal  institute  of  Standards  and  Technology)  glass  KA25  was 
used  as  a  low  oxygen  standard  and  albite  (Na-feldspur)  was  used  as  n  high-oxygen  standard, 
The  compositional  analysis  was  performed  on  individual  phases  near  throe-phase  Junctions, 
which  represent  equilibrium  conditions,  but  fat  enough  from  the  junctions  to  avoid  any 
significant  signal  from  the  neighboring  phases, 


RESULTS  AND  DISCUSSION 


Ti-Cu-P  section  at945°C 

The  section  of  the  Ti-Cu-0  ternary  as  determined  in  this  investigation  is  shown  in 
Figure  1,  The  choice  of  9‘0°C  as  the  temperature  of  Interest  was  based  on  two  criteria,  The 
TIO  phase  observed  at  the  Ag-Cu-Ti/AljOj  interfaces  has  been  identified  u  c  cubic  |J-TiO, 
and  hence  a  temperature  above  940°C  had  to  be  chosen  in  order  to  avoid  th,  .omtation  of  the 
a-TlO  (moriocllntc)  phase.  Secondly,  since  the  TijCu-T’ICu  eutectic  has  a  melting  point  of 
960°C,  a  lower  temperature  was  chosen  to  avoid  the  formation  of  a  molten  phase  which 
would  react  with  the  quartz  tube . 

The  investigation  was  restricted  to  the  region  of  the  ternary  where  the  M$X  phases 
were  in  the  phase  field.  The  nominal  compositions  of  the  samples  used  for  analysis  are 
shown  by  filled  elides  in  the  various  three-phase  regions  marked  with  Roman  numerals. 
The  tie  lines  determined  in  this  study  are  drawn  solidly,  whereas  others  are  shown  as  dashed 
lines.  A  region  in  the  Cu-rich  corner  of  the  section,  bound  by  open  ended  dashed  lines,  is 
probably  in  a  liquid  state  at  the  temperature  of  interest.  The  compositions  of  the  phases 
determined  by  the  microprobe  had  a  narrow  variation  (<0,5  at.  %)  and  the  average  values 
weie  used  for  plotting  the  ternary  section. 

The  phase  diagram  determined  in  this  Investigation  was  bused  on  samples  annealed 
for  four  days.  Further  work  is  underway  to  verify  the  phase  boundaries  after  extended 
anneals  and  to  verify  the  presence  of  another  ternary  compound,  TtjCuO,  which  was 
observed  inconsistently  in  some  of  the  samples. 
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Figure  1:  A  section  of  the  Ti-Cu-0  ternary  at  945°C,  Tie  lines  determined  in  this 
investigation  arc  drawn  solid  while  others  are  drawn  as  dashed  lines. 


Analysis  of  the  Ti-O  system 

The  earliest  version  of  the  Ti-O  system  was  reported  by  Kubaschewski  and  Dench 
[10]  and  was  later  revised  by  Komarel.  and  Silvern  1],  The  free  energy  of  solution  of  O  in 
Ti  at  945°C  [11]  was  converted  to  activity  values  for  0,  The  corresponding  variation  in  the 
aedvity  of  Ti  was  calculated  by  the  Glbbs-Duhem  integration  and  the  activity  variations  of  the 
two  elements  as  a  function  of  atomic  percent  of  0  are  plotted  in  Figure  2, 

A  |J->ot  transition  at  low  oxygen  concentrations  would  have  introduced  a  plateau  in 
the  activity  curves,  corresponding  to  the  the  (3-«  two  phase  region,  Such  a  transition  is  not 
data  in  Figure  2  though  it  is  reportedly  presentln  the  Ti-O  system  at  945°C 
[12]-  The  data  lrom  reference  [11]  was  used  here  without  any  modification,  for  the  Oibbs- 
Duhem  analysis. 

_  T°  draw  an  activity  diagram  for  Ti,  the  activity  values  of  Ti  in  the  various  three  phase 
fields  have  to  be  known.  In  the  abscence  of  direct  measurements,  approximations  based  on 
information  available  on  the  Ti-O  binary  system  were  used  by  the  following  argument.  In 
the  three  regions  marked  I,  III,  and  V  on  Figure  1,  a-Tl[Cu]  is  one  of  the  phases  in 
equilibrium.  The  solubility  of  Cu  in  this  phase  is  less  than  1  atomic  percent  In  all  cases. 
Given  the  small  amount  of  Cu  and  the  weak  interactions  of  the  Cu-0  and  Cu-Ti  pairs  as 
compared  to  the  Ti-O  pair  [13],  we  can  assume  that  the  effect  of  Cu  on  the  activities  of  Ti  and 
O  in  tt-Ti[Cu]  is  negligible,  The  data  available  from  Figure  2  on  the  Ti-O  binary  was  used  to 
d®’e™|rn*  rt*e  activities  of  Ti  and  0  in  the  Regions  I,  111,  V  based  on  the  phase  composition 

Of  tt-Tildl]. 
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Figure  2 :  Aciivity  vuriution  of  0  and  T1  us  u  function  of  atomic  percent  O  In  Ti  ut  945°C. 


AsiMtyJDiiigram 

The  activity  dlugrum  for  a  ternury  system  contains  information  similar  to  the  phase 
diagram,  the  difference  being  that  one  of  the  elements  is  represented  by  its  activity  rather  than 
composition,  A  three-phase  region  on  the  ternary,  which  is  constrained  by  Gibbs  phase  rule 
to  huve  equul  activity  of  un  element  in  ull  three  phases,  is  represented  on  an  activity  diagram 
by  a  horizontal  line,  Single  phase  fields  are  represented  by  finite  ureas, 

The  activity  diagrams  can  be  used  to  interpret  reaction  sequences  across  an  interface, 
as  has  been  shown  for  the  Tl/SIC  and  TI/SI3N4  systems  1141,  The  activity  of  an  element  at 
the  interface  shows  a  continuous  gradient,  either  increasing  or  decreasing,  across  the 
Interface,  unless  that  component  is  forced  to  diffuse  uphill  by  the  diffusion  of  the  other 
elements  [15],  This  constraint  limits  the  possible  number  of  reaction  sequences  at  the 
interface  from  amongst  all  possible  reaction  paths  based  purely  on  the  phuse  diagram. 

The  activity  diagram  foi  Ti  Is  shown  in  Figure  3,  The  three-phase  regions,  whose  Ti 
activities  were  determined  In  this  investigation,  are  marked  by  Roman  numerals  to 
correspond  to  the  three-phase  regions  on  the  ternary  section  shown  In  Figure  1,  Single 
phase  regions  are  shown  as  shaded  areas,  Two  different  reaction  paths  are  drawn  us  wide- 
dushed  lines  bound  by  filled  circles  and  are  marked  A  and  B. 

The  first  type  of  reuctlon  sequence  is  the  one  where  the  Ag-Cu-Ti  braze  alloy  Is  the 
only  source  of  Ti  for  the  reuctlon,  e,g„  ut  the  AUOyAg-Cu-Tt/AUOi  Interfaces  (6|.  The 
reuctlon  sequence  reported  at  this  interface  is  AbC^/TiO/T^CuiO/Cu.  This  sequence  is 
represented  on  the  uctlvlty  diagram  by  a  dashed  line  marked  A.  in  the  absence  of  specific 
Information  of  the  activity  of  Ti  in  TIO,  the  sequence  is  shown  storting  with  un  arbitrary 
value  of  Ti  uctlvlty  In  the  TiO  phase  field,  The  horizontal  portions  of  the  dushed  line 
represent  the  TiO/TijCu^O  ana  T^C^O/Cu  transitions,  In  the  single  phuse  field  of 
T^Ca^O,  the  Ti  activity  can  drop  significantly  and  nearly  all  the  way  to  zero  and  then  move 
over  to  nearly  pure  Cu,  In  tills  process,  the  activity  of  Ti  has  decreased  monotonlcully  us  we 
moved  away  form  the  AI2O3  surface, 
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V'-i  iased  by  the  reduction  of  AI2O3  dissolves  in  the  ternary  compounds  16,7]  and  in  the 

l.-Cu  intermetallics  [7]  and  should  be  accounted  for  in  the  thermodynamic  analysis.  It  is 
interesting  to  note  that  even  though  the  effect  of  A1  was  not  considered  in  the  present  analysis 
for  the  lack  of  sufficient  thermodynamic  information,  we  were  able  to  justify  tne  formation  of 
the  two  different  types  of  reaction  sequences  reported  in  the  literature,  based  purely  on  the 
Ti-Cu-O  ternary  system. 

At  the  present  time,  the  available  thermodynamic  information  is  insufficient  to  give  us 
a  predictive  capability  for  reaction  sequences  at  such  joints.  To  predict  the  reaction  paths  and 
end  products  across  the  interface  zone,  information  on  the  activities  of  all  elements  present 
and  phase  stabilities  of  the  compounds  in  the  system  is  required. 

SUMMARY 

Two  different  M*X  type  compounds,  TUCujO  and  TWCujO,  were  identified  in  the 
Yt-Cu-O  system  and  their  phase  stability  with  other  compounds  was  investigated  at  945  °C. 
The  thermodynamic  information  available  in  the  literature  on  the  Ti-0  system  was  used  in 
conjunction  with  the  established  ternary  section  to  estimate  the  activity  variation  of  O  and  Ti 
across  the  three  phase  regions  where  a-Ti(01  is  one  of  the  phases.  The  activity  of  Ti  was 
then  combined  with  the  phase  stability  information  of  the  ternary  to  generate  an  activity 
diagram.  The  diagram  was  successfully  used  to  explain  the  different  reaction  sequences 
reported  in  the  literature. 
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ABSTRACT 

Interfaclal  reactions  between  the  melts  of  several  borate  glasses  and 
titanium  have  been  Investigated  by  analytical  scanning  electron  microscopy 
(ASEM)  and  by  x-ray  photoelectron  spectroscopy  (XPS).  A  thin  titanium 
boride  Interfaclal  layer  Is  detected  by  XPS  after  short  (30  mi'  tes) 
thermal  treatments.  ASEM  analyses  after  longer  thermal  treatments  (8- 
120  hours)  reveal  boron-rich  Interfaclal  layers  and  boride  precipitates  In 
the  T1  side  of  the  Interface. 


INTRODUCTION 

Titanium  and  titanium  alloys  have  a  number  of  attractive  properties, 
Including  outstanding  strength-to-welght  ratios  and  excellent  corrosion 
resistance,  which  make  them  desirable  materials  for  a  variety  of  aerospace 
and  biomedical  applications.  The  use  of  titanium  as  a  component  alloy, 
however.  Is  limited  by  the  lack  of  a  reliable  glass/TI  sealing  technology. 
Conventional  silicate  glasses  readily  react  with  T1  when  sealed  to  form  an 
Interfaclal  sillcida  layer  [1-3].  This  weakly  adhered  layer  significantly 
reduces  the  mechanical  strength  of  silicate  glass/TI  seals  [3]  and 
precludes  coating  titanium  alloys  with  silicate-based  bioactive  glasses  for 
prosthetic  applications  [4], 

Borate  glasses  have  been  recently  shown  to  form  strong  bonds  to 
titanium  and  titanium  alloys  [3,5]  and  to  improve  the  adhesion  of  bioactive 
glasses  to  titanium  [4],  Borate  glasses  can  be  prepared  with  a  wide  range 
of  thermal  and  chemical  properties  for  different  packaging  applications. 
Little  Is  known,  however,  about  the  high  temperature  interfaclal  reactions 
between  these  glasses  and  titanium. 

EXPERIMENTAL  PROCEDURE 

A  variety  of  different  borate  glasses  have  been  examined,  including 
B2O3  and  a  barium  alumlnoborate  composition  (In  mole%,  4UBaC  20A1 2O3 
40B2O3)  with  a  nominal  thermal  expansion  match  to  titanium  [for  details, 
see  refs.  3,5],  Reaction  couples  for  analytical  scanning  electron 
microscopy  were  prepared  from  cups  and  lids,  machined  from  commercially 
pure  titanium  (grade  2,  99+%),  each  enclosing  a  5  mm  diameter,  2  mm  thick 
glass  disk.  Each  couple  was  sealed  In  an  evacuated  (1  mTorr)  silica  ampule 
and  heat  treated  for  various  times  and  temperatures,  depending  on  glass 
composition.  After  heat  treatment,  the  reaction  couple  was  removed  from 
the  ampule,  cross-sectioned  perpendicular  to  the  Ti/glass  Interface, 
mounted  In  epoxy,  and  polished  to  a  one-micron  diamond  finish.  The 
Interfaces  were  observed  with  an  optical  microscope  and  then  a  scanning 
electron  microscope  (SEM).  Where  a  reasonable  amount  of  Interface  was 
observed,  wavelength  dispersive  spectrometer  (WDS)  mapping  for  each  of  the 
elements  In  the  diffusion  couple  was  undertaken.  A  Pb-STE  crystal  was  used 
for  the  light,  element.  B  and  0  analysis.  X-ray  maps,  256  x  256  pixels  were 
obtained  for  each  element  with  a  dwell  time  of  0.2  sec  per  pixel.  A  beam 
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voltage  of  IS  kV  and  a  bean  current  of  >100  nA  was  used.  The  high  bean 
current  was  used  to  Increase  the  x-ray  count  rate  for  B  and  0,  although 
some  contamination  of  the  specimen  surface  occurred. 

A  number  of  axial  seals  were  also  made  between  10  mm  diameter 
alumlnoborate  or  commercial  silicate  {Kimble  Glass  TM-9)  glass  rods  and 
titanium,  each  joined  after  30  minutes  In  an  argon-atmosphere  furnace.  The 
alumlnoborate  glass  seals  were  formed  at  670'C  and  the  silicate  seals  at 
950*C.  These  seals  were  fractured  In  air  at  the  glass/metal  Interface  and 
both  Interfaces  were  examined  by  x-ray  photoelectron  spectroscopy  (XPS). 
Binding  energies  have  been  referenced  to  the  Cls  peak  at  284,8  eV  for 
adventitious  carbon. 

RESULTS  AND  DISCUSSION 

The  axial  seals  made  between  titanium  and  silicate  glass  could  be 
easily  separated  by  hand  at  the  glass/metal  Interface,  whereas  the 
alumlnoborate  glasses  adhered  much  more  strongly  to  the  titanium.  These 
latter  seals  usually  fractured  In  the  glass,  several  millimeters  from  the 
titanium  Interface.  These  observations  are  In  qualitative  agreement  with 
the  finding  that  titanium  pin  seals  made  with  alumlnoborate  glass  withstand 
nearly  twice  the  load  before  failure  than  do  comparable  seals  made  with 
silicate  glass  [3]. 

Figure  1  shows  a  $12p  photaelectron  spectrum  collected  from  the 
titanium  side  (upper  trace)  and  the  glass  side  (lower  trace)  of  a  silicate 
glass/tltanlum  axial  seal,  The  S12p  (-99  eV)  and  TIZP3/2  (453.6  eV,  not 
shown)  binding  energies  of  the  species  on  the  T1 -side  of  this  failed  seal 
are  typical  of  those  reported  for  T1-s111c1de  thin  films  [6],  An 
Interfaclal  slllclde,  most  likely  T1gSl3  [2],  results  from  the  reduction  of 
the  SIO2  component  of  the  glass: 

35102  (gl )  +  8T1  -*  H5SI3  +  3T102  (gl)  (1) 

T 1 O2  (gl)  represents  the  T 1 3+/Ti 4+  Ions  that  dissolve  Into  silicate  glass 
sealed  to  titanium  [1-3].  The  poor  adherence  of  silicate  glass  to  the 
Interfaclal  slllclde  contributes  to  mechanically  weak  glass/TI  seals  [2,3] 
and  to  the  poor  bonding  of  dental  porcelain  to  T1  [7]  and  to  the  poor 
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Figure  1:  Si 2p  spectra  of  the  two 
surfaces  of  a  fractured 
axial  seal  between  T1  and 
a  silicate  glass. 
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Die  Binding  Energy  (eV) 

Figure  2:  Bis  spectrum  of  the  T1- 
slde  of  an  axial  seal  to 
an  alumlnoborate  glass. 
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adherence  of  Tl-thln  films  to  fused  silica  substrates  [8]. 

Comparable  reduction  reactions  occur  when  borate  glasses  are  sealed  to 
titanium.  Figure  2  shows  the  Bis  spectrum  collected  from  the  T1  side  of  an 
axial  seal  with  a  barium  aluml noborate  glass.  These  samples  fractured  In  a 
much  different  manner  than  axial  seals  made  with  silicate  glasses.  Host  of 
the  titanium  Interface  remains  bonded  to  a  glass  layer  several  millimeters 
thick.  The  residual  glass  has  a  binding  energy  of  >192  eV.  However,  a 
second  Bis  peak  at  -187  eV  Is  associated  with  a  reduced  phase  that  is  also 
adherod  to  the  titanium.  This  latter  binding  energy  Is  typical  for  metal 
borides  [9]. 

The  Tl-borlde  Interfacial  reaction  product  that  forms  under  normal 
sealing  conditions  fe.g,,  670*c  for  10-30  minutes)  Is  too  thin  to  be 
detected  by  SEM.  (In  comparison,  the  Tl-slllclde  Interfacial  layer  Is 
>1  /jin  thick  after  sealing  a  silicate  glass  for  ten  minutes  at  950*C  [3]), 

To  Identify  the  composition  of  this  Interfacial  phase  and  to  study  Its 
formation,  glasses  were  reacted  with  T1  for  up  to  120  hours  to  yield 
sufficient  reaction  product  for  study  by  SEH. 

Figure  3a  shows  a  back  scattered  electron  Image  of  the  Interface 
between  the  barium  alumlnoborate  glass  and  T1  after  reaction  for  120  hrs  at 
800*C.  The  glass  has  crystallized  but  remains  adhered  to  the  titanium, 
despite  cracking.  Precipitates  can  be  seen  extending  up  to  10  pm  Into  the 
titanium,  The  B  x-ray  map  {fig.  3b)  of  this  Interface  shows  the  boron-rich 
Interfaclal  layer  adhored  to  the  T1  as  well  as  the  boron-rich  precipitates 
In  the  T1.  Figure  4  shows  the  backscattered  electron  Images  of  much  larger 
precipitates  extending  over  40  pm  Into  the  titanium  from  the  Interface  of  a 
1000-C/16  hr  reaction  couple  with  the  barium  alumlnoborate  glass.  Similar 
T1-B  reaction  products  were  noted  at  the  Interfaces  of  couples  to  B2O3  and 
lanthanoborate  glasses.  With  tho  possible  exception  of  lanthanum- 
containing  precipitates  (not  shown),  no  other  glass  cations  are 
concentrated  In  the  Interfaclal  reaction  products. 

Very  little  Is  known  about  the  thermochemical  equilibria  and  kinetics 
of  reactions  between  B2O3  and  T1.  Preliminary  thermochemical  calculations 
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Figure  3i  a)  Backscattered  electron  Image  of  the  Interface  between  a  barium 
alumlnoborate  glass  and  Tt  reacted  at  BOO'C  for  120  hours;  b)  the 
B  x-ray  map  of  the  same  area. 
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Figure  4:  Backscattered  electron  Image  of  the  Interface 
between  a  barium  aluml noborate  glass  and  T1 
reacted  at  1000'C  for  16  hours. 


of  the  B-O-TI-Ar  system  have  been  done  with  the  computer  program  SOLGASMIX 
[10]  using  the  thermodynamic  properties  of  potential  reaction  products 
listed  In  the  JANAF  tables  [11].  At  973  K  and  1  atm  (conditions  that 
simulate  the  environment  used  to  prepare  the  aluml noborate/TI  axial  seals) , 
T1 82  is  a  thermodynamically  stable  reaction  product  only  when  the  oxygen 
partial  pressure  (P02)  Is  <10"33  atmt  higher  oxygen  partial  pressures 
oxidize  the  titanium  and  precludes  reduction  of  BsOa.  This  po?  Is  well 
below  that  estimated  for  tho  graphite  furnace  (—1 0* 1°  atm)  used  to  prepare 
the  axial  seals  that  exhibit  an  Interfaclal  Tl-borlde.  This  suggests  that 
the  local  environment  of  the  glass/TI  Interface  Is  significantly  more 
reducing  then  the  furnace  atmosphere.  The  dissolution  of  oxygen  Into  T1  at 
the  reaction  Interface  may  be  one  mechanism  for  lowering  the  local  P02. 

West  et  al.  [4]  report  the  formation  of  crystalline  TIBO3  as  the  result 
of  the  reaction  between  molten  B2O3  and  T1.  Using  this  phase  to  represent 
T 1 3+  dissolved  Into  the  glass,  one  possible  Interfaclal  reaction  that 
yields  TIB2  Is: 

9T1  +  6B2O3  (gl)  3T1Bz  +  6TIBO3  (gl)  (Z) 

TIBO3  (gl)  represents  the  T13+  and/or  T14+  Ions  that  dissolve  Into  the 
borate  glass  [3].  The  thin  borate  glass  layers  that  remain  adhered  to 
titanium  when  axial  seals  are  fractured  are  usually  discolored,  suggesting 
that  T13+  Is  present  In  the  glass.  The  actual  stoichiometry  of  the 
Interfaclal  boride  Is,  at  present,  unknown.  The  T1-B  phase  diagram  [12] 
suggests  that  TIB,  T 1 384 ,  and  TIB?  are  possible  stoichiometries. 
Quantitative  electron  microanalysis  of  these  reaction  products  are 
currently  In  progress. 

The  wavy  Interfaces  of  the  glass/TI  reaction  couples  (Figs.  3  and  4) 
are  characteristic  of  dissolution  reactions.  It  thus  appears  that  a 
titanium  boride  phase  nucleates  at  the  Interface  after  an  Initial 
dissolution  of  T1  Into  the  glass.  Longer  times  and  higher  temperatures 
causr  precipitates  to  grow  because  of  the  concomitant  diffusion  of  boron 
from  the  glass  Into  the  titanium. 
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The  development  of  an  Interfacial  boride  reaction  product  does  not 
adversely  affect  the  adherence  of  borate  glass  to  titanium,  In  contrast  to 
the  well-known  deleterious  effect  of  slllclde  formation  on  the  adherence  of 
silicate  glasses.  This  may  be  related  to  the  relative  kinetics  of  the  two 
reactions.  Considerably  thicker  slliclde  phases  form  when  silicate  glasses 
are  reacted  than  the  boride  Interfacial  phases  that  form  when  borate 
glasses  are  sealed  using  comparable  times  and  temperatures.  As  a  result, 
the  silicate  seals  are  more  susceptible  to  tensile  stresses  that  would 
develop  from  possible  thermal  contraction  and  elastic  moduli  mismatches 
between  the  glass,  the  titanium,  and  the  Interfacial  phases.  The  relative 
reaction  kinetics  and  their  effects  on  seal  performance  are  currently  under 
study. 
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ABSTRACT 

Multi  luycr  alumina  coatings  consisting  of  layers  of  either  pure  (X-AI2O3  or  K-AI2O3,  were 
deposited  In  a  hot  wall  CVD  reactor.  In  order  to  nucleate  ana  grow  a  desired  alumina  poly¬ 
morph  (o/k)  in  each  layer,  thin  a-  and  K-modific&tion  layers  were  deposited  between  the 
alumina  layers,  This  investigation  examines  the  interfacial  structure  of  the  K-modlfioation  and 
the  alumina  layers.  The  materials  were  examined  using  a  combination  of  XRD,  SEM,  TEM  and 
EDX, 

The  K-modlflcatlon  layers  exhibited  an  FCC  structure  and  were  composed  of  (Ti,Al)(C,0). 
Orientation  relationships  were  frequently  found  ut  the  (1)  a-Al203/K-modifwation/ic-Al20j  layer 
interfaces  and  (il)  K-Al20yK-modiflcatlon/K-Al2()3  layer  interfaces: 

(I)  (000 1 )B  //  (1 1 !  >K-m«l  //  (00 1)K 

[i  100]« //[110]K.mod//[010]Ki  and  [3101x2 

(II)  (001)K//(ili)x.mod//(001)x 

[OlOkt  and  [3101x2  //  U  10]K-mod//  [OlOfei  and  [3101x2 

INTRODUCTION 

Alumina  (AI2O3)  is  one  of  the  most  frequently  used  CVD  (Chemical  Vapour  Deposition) 
coating  materials  on  cemented  carbide  cutting  tools  and  is  usually  deposited  on  an  intermediate 
layer  of  TiC,  TIN  orTi(C.N)  [1-3],  When  alumina  is  produced  by  CVD,  the  most  commonly 
occurring  polymorphs  are  the  stable  alpha  phase  (a-Al203)  and  the  metastuhle  kappa  phase 
(k-A1203)  [1-3]. 

Multi  AI2O3  coatings  consisting  of  pure  0-AI2O3  and  k-  AI2O3  layers,  were  deposited  in  a 
hot  wall  CVD  reactor,  To  nucleate  and  grow  a  desired  alumina  polymorph  (o/tc'  in  each  layer, 
thin  intermediate  layers,  here  referred  to  as  a-  and  k- modification  layers,  were  deposited 
between  the  alumina  layers.  To  ensure  good  adhesion  of  the  first  AI2O3  layer,  thin  layers  •  often 
referred  to  as  bonding  layers  -  were  applied  onto  TiC  before  the  alumina  deposition,  The  bond¬ 
ing/alumina  layer  interfaces  are  describe  in  detail  elsewhere  [4], 

This  investigation  examines  the  Interfacial  structure  of  the  x-modiflcation  and  the  AI2O3 
layers.  The  composition  of  the  x-modlflcution  layers  and  the  occurrence  of  orientation  relation¬ 
ships  between  the  K-modlflcatlon  and  the  AI2O3  layers  have  been  examined. 


EXPERIMENTAL 

Chemical  Vapour  Deposition 

The  coating  deposition  was  carried  out  in  a  computer  controlled  hot  wall  CVD  reactor. 
Commercial  cemented  carbide  inserts  (SNUN  120412)  coated  with  TiC  were  used  as  substrates 
for  the  alumina  coatings.  The  inserts  contained  83  wt%  WC  and  3.3  wt%  Co,  the  balance  being 
cubic  carbide*  (TIC,  TaC,  NbC).  TIC  was  deposited  from  a  TICI4-CH4-H2  gas  mixture.  The 
AI2O3  coatings  were  deposited  using  the  gases  AICI3,  CO2  and  H2.  AICI3  was  generated  within 
the  deposition  system  through  the  chlorination  of  Al  with  HC1.  The  inlet  gas  compositions 
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which  were  used  to  grow  TIC  and  AI2O3  are  given  in  Table  I.  All  the  experimental  coatings 
were  deposited  at  a  pressure  of  5  kPa. 

In  mis  investigation  the  interfaces  between  the  K-modlfication  and  the  alumina  layers  have 
been  examined.  The  K-modlfication  layers  were  deposited  [5]  both  on  an  (X-AI2O3  layer  in  order 
to  nucleate  K-AI2O3  on  a-AhOs  ana  on  a  k-AIjO-j  layer  in  order  to  renucleate  K-AI2O3  on 
K-AI2O3.  Hence,  two  different  cases  have  been  studied;  (i)  a-Al203/K-modiiIcation/K-Al203 
layer  interfaces;  and  (ii)  K-A^oyK-modiflcation  /K-AI2O3  layer  interfaces, 

Analysis 

The  AI2O3  multi  coatings  were  examined  in  a  JEOL  2000  FX  transmission  electron  micro¬ 
scope  (TEM)  equipped  with  a  LINK  AN 10000  energy  dispersive  x-ray  analysis  (EDX)  By  stem. 
In  order  to  study  the  alumlna/modlflcatlon  layer  interfaces,  cross  section  thin  foils  were 
prepared  from  CVD  coated  inserts  by  a  method  described  in  detail  elsewhere  [1,3].  Prior  to  the 
TEM  investigation,  the  coatings  were  examined  with  scanning  electron  microscopy  (SEM)  and 
x-ray  diffractometry  (XRD). 

Selected  area  electron  diffraction  (SAED)  was  used  to  determine  the  existence  of  epitaxy 
between  the  AI2O3  layers  and  the  K-modificatlon  layers.  Since  SAED  patterns  can  not  be 
obtained  from  regions  smaller  than  500  nm,  it  was  not  possible  to  obtain  SAED  patterns 
exclusively  from  the  x-modifleation  layer.  Therefore  SAED  patterns  from  a  large  neighboring 
AI2O3  grain  and  the  K-modiflcation  layer  were  obtained.  The  spots  arising  from  the  K-modifica¬ 
tlon  layer  could  then  be  identified  by  dark  field  imaging. 

In  order  to  index  a  SAED  pattern  the  symmetry  elements  of  the  analysed  phases,  described 
by  their  space  groups,  must  be  known  [6],  There  are  three  different  types  of  crystal  symmetry 
that  result  in  the  existence  of  reflection  conditions,  namely  (i)  centred  unit  cells,  (ii)  glide  planes 
and  (ill)  screw  axes.  01-AI2O3  has  a  well  established  crystal  structure  and  has  the  space  group 
R3c  [7-9],  while  it  was  only  recently  determined  that  K-AI2O3  is  primitive  orthorhombic  with 
the  space  group  Pna2;  [10].  The  reflection  conditions  for  a-Al2<J3  and  K-AI2O3  arc  given  in 
Table  II.  The  indexing  of  K-AI2O3  is  complicated  by  twinning  of  the  orthorhombic  unit  cell?, 
und  is  further  complicated  by  double  diffraction  [11], 


RESULTS  AND  DISCUSSION 

Qcncral.mlcipstructurc 

The  thickness  of  each  alumina  layer  was  about  1  pm,  The  microstructure  of  the  a-AhOs 
layers  consisted  of  equiaxed  grains  with  a  large  number  of  dislocations  and  pores,  while  the 


Table  II,  Reflection  conditions. 


K-AI2O3 

U-AI2O3 

Okl:  k+1  -  2r 

hkil: 

-h+k+1 «  3n 

hOl:  h  -  2n 

hldO: 

-h+k  -  3n 

hOO:  h-2n 

hh2hl: 

l»3n 

0k0:  k-2n 

0001: 

1  -  611 

001:  1  -  2n 

hhOO: 

h-3n 

hhOl: 

h+1  ■  3n,  1  ■  2n 
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Figure  1 .  TEM  micrograph  of  a  multi  tc- AI2O3  coating.  The  k- AI2O3  layers  are 
separated  by  uln  tc-modlfication  layers. 


K-AI2O3  layers  consisted  of  columnar,  twinned  grains  which  were  dislocation  and  pore  free.  In 
all  layers,  the  01-AI2O3  grains  were  randomly  distributed,  while  the  preferred  growth  direction 
of  K-AI2O3  was  along  the  c-axls.  A  muld  AI2O3  coating  consisting  of  pure  ic- AljOs  layers  sepa¬ 
rated  by  tc-modlfication  layers  is  sh.-'wn  in  Fig,  1, 


The  u-AlflOVic-modl flection  /tc-Al^Oj  layer  interfaces 

Fig.  2  shows  a  TEM  micrograph  of  the  a-Al203/ic-modlfication/ic-Al203  layer  Interfaces. 
EDX  analyses  of  the  tc-modlfloatlon  layer  showed  the  presence  of  mainly  Ti,  C  and  O,  and 


Figure  2,  The  a-Al203/a-modlfloatlon/K-Al203  luyer  interfaces. 
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Figure  3.  Diffraction  patterns  from  a)  the  U-AI2O3  grain  and  b)  the  K-modification  layer  and  the 
K-AI2O3  grain  at  the  K-Al203/ic-modiflcation/K-Al203  layer  interfaces  shown  in  Fig.  2. 

smaller  amounts  of  A1  and  therefore  the  composition  of  the  e-modification  layer  can  be 
described  as  (Ti,Al)(C,0). 

A  SAED  pattern  from  the  (S-AI2O3  grain  in  Fig.  2  is  shown  in  Fig  3a,  and  a  pattern  from 
the  K-AI2O3  grain  and  the  tc-modlficatfon  layer  in  Fig.  2  is  shown  in  Fig.  3b.  The  diffraction 
patterns  are  oriented  correcdy  with  respect  to  each  other,  The  a-Ate03  pattern  can  be  indexed  as 
the  [1 120]-zone,  while  the  K-modiiloation  layer  can  be  indexed  as  the  [1 12] -zone  for  an  FCC 
structure.  The  K-AI2O3  pattern  can  be  indexed  as  a  superposition  of  the  1100]  and  the  [110]- 
zone  [11].  As  can  be  seen  in  Fig.  3  several  plane  normals  are  parallel: 

(0006)u  //  (i  1  ijK-mod//  <002)k  (1) 

(3300)a//(220)K.mod//(020)Kt  and  (1 10),*  (2) 

where  xl  and  k2  stand  for  two  twin  related  K-AI2O3  domains  and  K-mod  is  short  for 
K-modlfloadon  layer.  Generally,  orientation  reladonships  between  two  phases  a  and  b  are  given 
in  the  form 

(hikili)a  //  (uiviwi)b  (3) 

Ih2k2l2la  //  [u2V2W2lb  (4) 

Thus  in  order  to  express  the  orientation  relationship  (1)  and  (2)  in  the  form  (3)  and  (4),  parallel 
plane  normals  In  (2)  have  to  be  replaced  by  parallel  directions,  Directions  [hkl]  are  not  (in 
general)  parallel  with  plane  normals  (hkl)  in  non-cubic  coordinate  systems.  For  hexagonul 
systems  the  normal  [defg]  to  the  plane  (hkil)  will  have  the  indices 


general)  parallel  with  plane  normals  (hkl)  in  non-cubic  coordinate  systems.  For  hexagonul 
systems  the  normal  [defg]  to  the  plane  (hkil)  will  have  the  indices 

[defg]  -  [  h,  k,i,|£l]  (5) 

For  orthorhombic  systems  the  normul  [uvw]  to  the  plune  (hkl)  is  given  by 

«>) 

Thus,  the  relationships  (1)  and  (2)  can  be  rewritten  as 

(0001)a  II  (1 1  bic-mod//  (001)*  (7) 

lil00]tx//[110k,mod//[010]tt,  and  [3101,3  (8) 
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Figure  4.  TEM  micrograph  from  the  x-AljOs/x-modlficatlon/x-AlaOs  layer 
interfaces. 


The  K-Al?lQVK-r.  i 


A  TEM  micrograph  of  the  K-Al203/x-inodificution/x-Al203  layer  interfaces  la  shown  In 
Fla.  4.  The  EDX  analyses  of  the  x-modlfication  layer  deposited  on  k-AljOj  indicated  a  similar 
composition  as  for  the  x-rnodificatlon  layer  deposited  on  ct- AI2O3,  that  is  (Ti,Al)(C.O),  with  Ti, 
C  and  O  as  the  main  constituents. 

Fig.  5a  shows  u  SAED  pattern  from  the  K-AI2O3  grain  marked  xA  in  Fig.  4,  and  Fig.  5b 
shows  a  pattern  from  the  x  modification  layer  and  the  tc  AI2O3  groin  marked  xB  In  Fig.  4.  The 
diffraction  patterns  are  oriented  correctly  with  respect  to  each  other.  The  K-modification  layer 
cun  be  indexed  as  the  [  1 12]-zone  for  an  FCC  structure,  The  X-AI2O3  pattern  can  be  Indexed  as  a 


Figure  5,  Diffraction  putterns  from  a)  the  X-AI3O3  grain  marked  xA  and  b)  the  x-modlfleatlon 
layer  and  the  x-AlzOj  grain  marked  xB  at  the  x-AhOyx-modiflcaiion/x-AljOi  layer  interfaces  in 
Fig.  4. 
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superposition  of  the  [100]  end  the  [ilOj-zone  [11],  The  following  orientation  relationships  can 
be  determined  from  Fig,  3: 

(002) xa  //  (1 1  i)K-mod//  (002)kb  ©> 

(020)ka1  and  (110)(CA2//(220)tc.mod//(020)KBl  and(110),cB2  (10) 

where  the  indices  kA  and  kB  refer  to  Fig.  4  and  the  Indices  1  and  2  refer  to  two  twin  related 
K-AI2O3  domains.  To  obtain  the  orientation  relationship  in  the  form  (3)  and  (4),  relation  (10) 
has  to  be  transformed  to  parallel  directions  by  using  equation  (6).  Thus,  (9)  and  (10)  can  be 
rewritten  as: 

(001)ieA  // (ink-mod// (001)kb  tfU 

[010]KAiand[310]KA2//tllO]lc.mod//t010]KBl  and[310]KB2  (12) 

CONCLUSIONS 

•  The  K-modlficatioi  layers  exhibited  an  FCC  structure  and  were  composed  of  (Ti,Al)(C,0). 

•  Epitaxy  was  frequently  found  at  the  alumina  /  tc-modlfication  layer  interfaces  and  can  be 
described  as: 

(i)  a-Al2OjA-modlfieation/K-Al203 

(0001)o  //(ill  )*,„«»//  (001)K 

[i  100]a//  [llOlK-mod//  [010]Ki  and  [310],a 

(ii)  K-Al203/K-modificutlon)K-Al203 

(001)*;//  (111  )K-mod//  (OOl)ic 

[OlOki  and  [310]k2//  [HOk-mod//  [OlOki  and  [310]^ 
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AND  ALUMINUM  /  SiOj  (AMORPHOUS)  INTERFACE  AT  EXTRINSIC  DISLOCATIONS 
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ABSTRACT 


interfaces  between  A1  and  amorphous  C  or  amorphous  SiOh  were  prepared  by  sputter 
deposition  of  the  ceramic  phases  onto  the  sputter  cleaned  surfaces  oflarge  grain  Al,  In  s/fuTEM 
wns  used  to  study  the  behavior  of  the  extrinsic  dislocations  (slip  traces)  at  the  metal/ceramic 
Interface  formed  by  the  motion  of  Al  lattice  dislocations  which  intersect  the  interphase  boundary 
plane.  The  proximity  of  the  extrinsic  lattice  dislocation  to  the  metal/ceramic  Interface  places  this 
interphaso  boundary  under  a  highly  localized  sties*.  Relaxation  behavior  of  extrinsic  defects  at 
the  interface  region  is  a  function  of  tho  defect  standoff  distance  from  the  interface,  image  stress 
and  the  applied  stress.  An  experimental  technique  is  proposed  to  estimate  the  minimum  shear 
stress  the  various  interfacial  regions  are  able  to  withstand.  Research  supported  by  tho  Department 
of  Bnergy. 


INTRODUCTION 


Tho  local  response  of  blmatcrial  Interfaces  to  applied  loads  is  thought  to  he  of  great  relevance 
to  a  variety  of  technologically  important  processes.  The  behavior  of  thin  illm  epitaxial  interfaces 
at  tho  point  of  coherency  breaking  [1]  and  blmaterial  interfacial  fracture  [2]  are  two  cases  where 
atomic  level  interfadal  bonding  under  stress  hus  been  considered  In  detail  from  a  theoretical  point 
of  view.  The  questions  which  arise  about  the  local  behavior  of  the  interface  appeal'  to  bo 
associated  with  what  assumptions  ore  realistic  concerning  continuity  of  stress  and  displacements 
at  the  boundary  between  two  different  materials.  The  concepts  of  interface  sliding,  interface 
fracture,  and  interface  modulus  have  been  introduced  into  the  literature  in  an  attempt  to  treat  the 
manner  in  which  the  local  interface  response  will  contribute  to  macroscopic  behavior.  These 
processes  and  properties  are  considered  to  be  localized  to  the  interface  or  the  interfacial  region 
and  tho  introduction  of  such  ideas  suggest*  a  conviction  that  the  intcrfacial  region  will  behave  in  a 
substantially  different  manner  than  the  bulk.  Experimental  studies  of  interfacial  properties  must 
therefore  be  designed  to  extract  information  about  the  very  small  volume  of  material  which 
constitutes  the  interfacial  region.  Macroscopic  experimental  measurements  con  be  made  on  the 
work  required  to  cause  the  decohesion  of  bimaterial  Interfaces  under  tension  or  shear,  for 
example,  and  it  may  bo  possible  to  extract  from  these  results  the  atomic  scale  Interface  response  if 
tho  work  related  to  the  deformation  of  the  bulk  materials  can  be  separated  from  the  response  of 
the  interfacial  region.  However,  it  may  be  of  interest  to  attempt  studies  which  directly  examine 
the  local  response  of  the  Interfacial  region  to  applied  stress,  Thu  work  presenu  a  type  of  dynamic 
transmission  electron  microscopy  study  of  the  local  bimaterial  interface  response  to  the  applied 
stress  field  of  the  dislocation.  The  approach  relies  heavily  on  previous  work  [3]  &  [4],  which 
studied  the  contrast  behavior  of  dislocation-like  dcfecu  resulting  from  the  intersection  of  moving 
dislocations  with  metal-oxide  interfaces  formed  during  an  electropolishing  process.  The  work 
presented  in  this  paper  is  limited  to  the  comparison  of  the  Interface  region  between  sputter 
cleaned  At  and  sputter  deposited,  amorphous  SiOg  and  the  interface  region  between  sputter 
cleaned  Al  and  sputter  deposited,  amorphous  C. 

A  moving  edge  dislocation  with  line  direction  perpendicular  to  the  interface  ami  Burgers 
vector  in  the  plane  of  the  interface  will  produce  a  shear  stress  at  the  interface  due  to  the  Al  lattice 
displacements  associated  with  the  motion  of  the  dislocation.  If  the  interfacial  region  constrains 
Die  shear  displacement  s  screw  dislocation  is  formed  near  the  interface,  These  line  defects  are 
referred  to  as  extrinsic  dislocations  or  slip  traces.  If  the  interfacial  region  does  not  constrain  the 
shear  displacements,  a  strain  free  stop  ia  produced  which  would  not  be  visible  in  the  TEM  using 
traditional  techniques.  Thus,  TEM  imaging  can  be  used  as  s  tool  to  directly  study  the  local 
response  of  an  Interface  to  the  stress  field  of  i  dislocation. 
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EXPERIMENTAL  PROCEDURE 


Three  millimeter  disks  were  punched  from  25  micron  thick,  99.9995%  pure  polycrystalline 
aluminum  foil  and  annealed  at  450  0  C  for  24  hours,  Thu  samples  were  clectropolbhed  in  a  25% 
nitric  acid,  75%  methanol  solution  until  perforation,  Further  thinning  and  cleaning  of  the  foil  was 
performed  by  ion  milling  both  surfaces  with  2  KcV  accelerating  voltage,  0.3  gun  current,  and  a 
gun  angle  of  25  to  30  degrees,  Five  sample  groups  were  prepared,  a  control  group  composed  of 
undoposited  samples,  a  group  with  sputter  deposited  carbon  on  both  sides  (C/C),  a  group  with 
sputter  deposited  silica  on  both  sides  (S/S),  a  mixed  deposition  group  with  silica  sputter  deposited 
oit  one  surface  and  carbon  on  the  opposite  surface  (S/C),  and  finally,  a  group  of  samples  where 
silica  was  deposited  upon  one  surface  and  on  the  opposite  surface  a  thin  layer  of  carbon  was 
.mutter  deposited  upon  the  aluminum  surface  followed  by  a  thicker  layer  of  silica  (SC/S), 
Samples  were  examined  In  a  JEOL  100-CX  Transmission  Electron  Microscope.  The  orientation 
of  the  sample,  the  Burgers  vector  and  the  slip  plane  of  inclined  dislocations  were  determined  by 
g»b  analysis  and  information  relating  to  extrinsic  dislocation  relaxation  behavior  was  obtained, 

EXPERIMENTAL  RESULTS 


Slip  truces  were  found  to  relax  immediately  under  the  influence  of  the  transmission  electron 
beam  in  tho  control  samples  which  had  not  been  coated  by  silica  or  carbon,  Similar  rapid 
extrinsic  defect  relaxation  was  observed  for  the  C/Al  interfaces  in  C/C  samples  except  relaxation 
of  the  defects  was  also  observed  to  occur  by  a  slower  piecewise  relaxation  process.  Tho 
piecewise  relaxation  was  observed  to  occur  in  three  steps.  Initially,  catastrophic  failure  of  a 
portion  of  the  slip  trace  occurred  followed  by  a  gradual  reduction  in  line  length  of  the  remaining 
slip  traces  until  either  total  relaxation  occurred  or  small  stable  extrinsic  dislocation  pieces 
remained  behind.  Extrinsic  defects  at  the  silica/aiuminum  interfaces  differed  in  behavior  from  tho 
curbon/aluminum  interfaces  and  the  undeposited  surfaces  where  the  extrinsic  dislocations  were 
found  to  resist  relaxation.  The  S/C  samples  allowed  for  direct  comparison  of  extrinsic  dislocation 
behavior  where  tho  more  complete  relaxation  of  defects  at  the  C/Al  interface  was  strongly  evident 
over  the  more  stable  extrinsic  defects  at  the  silica/Al  interface,  shown  in  Figure  1. 


Figure  1;  S/C  sample  with  Increased  extrinsic  defect  relaxation  on  the  Al/C  interface  (upper 
slip  truce)  over  the  silica/Al  interface  (lower  (lip  trace), 
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Figure  2  shows  the  type  of  specimen  geometry  for  a  S/C  sample  where  carbon  is  sputter 
deposited  on  one  surface  and  silica  is  sputter  deposited  on  the  opposite  surface.  A  moving 
dislocation,  inclined  at  some  angle  to  the  surface  of  the  foil,  is  shown  to  create  slip  traces  at  the 
intersection  of  the  inclined  dislocation  with  the  two  biroaterial  interfaces.  As  shown  in  Figure  1, 
relaxation  of  the  extrinsic  dislocation  is  observed  for  the  C/Al  interface  and  not  the  siuca/Al 
interface.  The  intersection  of  the  inclined  dislocation  with  the  bimaterial  interface  is  called  a 
pinning  point.  For  the  TEM  samples,  the  specimen  geometry  would  consider  a  wedge  shaped  foil 
not  depicted  in  the  following  figure. 


Figure  2:  Specimen  geometry  for  a  S/C  sample  with  moving  dislocation  and  subsequent 
formation  of  slip  traces  at  each  of  the  blmaterial  interfaces. 

Shown  in  Figure  3,  the  presence  of  a  thin  interlayer  of  carbon  between  the  silica  and  the 
aluminum  substrate  in  the  SC/S  samples  allowed  for  nearly  complete  extrinsic  defect  relaxation  at 
that  interface  while  on  the  opposing  r.ilica/Al  interface,  extrinsic  defects  were  found  to  exhibit 
minimal  relaxation. 


Figure  1:  SC/S  sample  with  extrinsic  defect  relaxation  on  the  sllica-carbon/aluminura  interface 
(upper  slip  trace)  and  no  relaxation  on  the  silica/aluminum  interface  (lower  slip  trace). 

Thble  I  depicts  the  relaxation  behavior  and  minimum  times  to  relaxation  observed  for  the 
various  samples  described  in  the  experimental  procedure.  As  shown,  the  relaxation  behavior  for 
the  C/Al  interfaces  did  not  differ  much  from  the  control  group  where  extrinsic  defects  completely 
relaxed  in  less  than  one  minute.  Extrinsic  defects  at  the  silica/ A1  interfaces  showed  substantial 
resistance  to  relaxation  even  after  fifteen  minutes  but  with  the  addition,  of  a  thin  interlayer  of 
carbon  complete  relaxation  was  observed  in  less  than  ten  seconds. 
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Table  I:  Specimen  groups 


Group  Type 

Side  A  Behavior 

Side  At  Minimum 
Time  to  Relaxation 

Side  B  Behavior 

Side  B: 

Minimum  Time  to 
Relaxation 

Control  group 

Near  Total 
Relaxation  after 

IS  Minuter 

lOSecocrit 

Nearlbtal 
Relaxation  after 

IS  Minuter 

lOSecondt 

C/C(2kV) 

Partial 

Relaxation  after 

IS  Minuter 

30  SfCTndi 

Partial 

Relaxation  after 

IS  Minuter 

SOSecoudt 

S  /  S  (2  kV) 

Partial  to  Zero 
Relaxation 

>  IS  Minuter 

Partial  to  Zero 
Relaxation 

>  IS  Minuter 

S/C(2kV) 

Partial  to  Zero 
Relaxation 

>  IS  Minuter 

Nearlbtal 
Relaxation  after 

13  Minuter 

SOSecoodi 

SC/S  (2kV) 

Near  Total 
Relaxation 

10  Second! 

Pvtial  to  Zero 
Relaxation 

>30  Minuter 

ANALYSIS 


Consideration  is  given  only  to  the  mathematically  simple  case  where  the  atoms  at  the  interface 
are  highly  resistant  to  the  elastic  displacements  associated  with  the  strain  field  of  an  extrinsic 
defect  The  image  force  on  an  extrinsic  dislocation  can  then  be  easily  determined  from  a  zero 
displacement  boundary  condition  at  the  interface.  The  zero  displacement  boundary  condition  can 
be  fulfilled  by  the  use  of  an  image  dislocation  of  the  same  sign  and  equal  strength.  Of  course,  this 
is  a  limiting  case  which  will  determine  the  maximum  possible  image  force.  Any  results  which  are 
obtained  from  this  analysis  will  then  be  limiting  values.  With  this  disclaimer  noted,  the  elastic 
displacement  field  along  the  z  direction  for  the  screw  dislocation  in  the  ductile  phase  is... 

^.(^xatan^  +  ^xatan^)  (1) 


where  X  is  the  stand-off  distance  ([6],  [7])  and  the  geometry  is  shown  in  Figure  4.  Equation 
( 1)  determines  a  zero  displacement  at  the  Interface  at  x>0.  The  important  terms  which  arise  from 
this  analysis  are  the  image  stress  [5],  the  shear  stress  on  the  real  dislocation  from  the  image 
dislocation,  and  the  stress  on  the  interface  from  the  extrinsic  dislocation.  The  image  stress  is 
determined  from  linear  elasticity  theory  as.... 


U 


Imagt 
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which  is  equal  in  magnitude  but  of  opposite  direction  to  file  image  force  from  a  free  surface 
[8].  In  contrast  to  the  image  force  from  the  stress  free  surface,  this  image  force  pushes  the 
dislocation  away  from  the  Interface. 
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Figure  4:  Image  forces  and  dislocation  relative 
to  the  beam  direction  x  and  the 
direction  along  the  interface  y, 


Interface  ©* 

The  stress  on  the  interface  is  determined  from  linear  elasticity  tlteory  as . 

a  I  =  0 
*y'*«o 


with  the  maximum  stress  magnitude  occurring  at  y«d&. 

At  mechanical  equilibrium,  Ou  *  c„  and  the  Interface  will  have  both  a  normal  and  tangential 
shear  strain  due  to  the  extrinsic  screw  cMlccation.  The  standoff  distance  in  equation';  (1-4)  may 
be  related  to  the  applied  stress  ou  the  dislocation  at  equilibrium  when  theru  is  a  balance  between 
the  applied  stress  and  the  Image  stress, 

<s) 

With  tho  specimen  geometry  used  in  this  study,  it  is  possible  to  make  measurements  which 
estimate  tire  applied  stress  on  the  dislocation.  Since  the  Interfaces  of  interest  are  in  films  of  wedge 
shaped  cross  section  typical  of  electropolished  TEM  specimens,  the  dislocations  will  encounter 
increased  line  tension  forces  as  the  dislocation  positions  change  from  the  thicker  areas  to  the 
thinner  areas.  The  applied  stress  may  be  approximated  by  noting  the  foil  thickness  at  which  the 
dislocations  are  pinned.  At  tills  point,  the  resolved  stress  on  the  dislocation  Is  balanced  by  the  line 
tension  forces  on  the  bowed  dislocation  (9],  The  simplest  form  of  this  expression  Is . : 

gappllid  ~  (6) 

n  *  t 

whore  t  is  (he  experimentally  measured  distance  between  pinning  points  on  the  two  foil 
surfaces.  Thus  A  may  be  determined  from  (5)  and  (6)  as: 

,  _  t  n) 


Of  course,  this  is  the  maximum  X  which  can  occur  for  a  given  applied  stress  due  to  the 
assumptions  about  the  interface  boundary  condition  used  in  determining  equation  (1).  Thus,  the 
combination  of  equation  (4)  and  equation  (7)  determines  the  minimum  stress  on  the  interface  due 
to  an  extrinsic  dislocation  for  a  given  applied  stress. 

Because  the  resolved  stress  will  be  different  on  the  various  slip  systems  and  even  various  slip 
planes  within  the  same  system,  it  is  possible  to  study  the  behavior  of  a  given  Interface  binder 
differing  stand  off  distances  and  thus  differing  stresses.  1  be  experimentally  observed  variation  of 
t  for  different  dislocations  may  be  used  to  detennine  the  standoff  distance  (Equation  7)  and  thus 
the  interfacial  shear  stress  (Equation  4).  By  studying  the  relaxation  of  extrinsic  screw  dislocations 
as  a  function  of  t,  it  may  be  possible  to  determine  limiting  values  of  the  local  shear  strength  of  the 
interfacial  layer.  By  determining  the  Burgers  vector,  the  slip  plane  snd  the  inclined  length  of  a 
dislocation,  the  standoff  distance  can  be  determined  and  thus  an  estimate  of  the  minimum  shear 
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stress  the  interface  sees  as  the  result  of  a  extrinsic  dislocation  at  standoff  distance  lamda  from  the 
interface. 

Using  this  approach  it  can  be  found  that  extrinsic  screw  dislocations  at  the  carbon  interface 
relaxes  when  t  is  between  2.1  x  i0's  cm  and  2.3  x  10'1 2 3 4 5 6 7 8 9  cm  while  relaxation  at  the  silica  interface 
occurs  when  t  is  between  1.4  x  10'5  cm  and  1.8  x  10'9  cm.  Since  the  stress  calculations  are  done 
for  the  maximum  standoff  distance,  and  thus  the  minimum  interfacial  stress,  the  experimental 
results  may  be  interpreted  as  showing  that  the  shear  strength  of  the  Al/carbon  interface  is  not  less 
than  that  calculated  for  t=2,3  x  10'5  cm,  which  is  28  MPa  and  the  shear  strength  for  the  A1  /  silica 
interface  is  not  less  than  that  calculated  for  tal.8  x  10'9  cm,  which  is  62  MPa.  A  more 
quantitative  statement  about  the  relative  interface  shear  strength  of  the  two  interface  types  can  be 
made  for  the  case  where  the  standoff  distances  are  the  same  at  applied  stresses  lower  than  that 
required  to  cause  interface  relaxation.  In  this  case,  the  actual  difference  in  shear  strength  will  be 
closely  approximated  by  the  difference  in  the  limiting  values  calculated  above. 


CONCLUSION 


The  Al/C  interfacial  region  showed  a  substantially  lower  shear  strength  than  the  AIVSIO2 
interfacial  region  as  Indicated  by  direct  comparison  of  extrinsic  screw  dislocation  relaxation 
behavior  at  the  two  types  of  interfaces  on  the  same  grain  (Figure  2).  One  type  of  interface 
consisted  of  a  ten  second  deposition  of  carbon  between  the  aluminum  layer  and  the  deposited 
silica  layer,  producing  a  carbon  layer  on  the  order  of  ten  angstroms  thick,  This  thin  C  interlayer 
causer  a  dramatic  decrease  in  the  interfacial  strength  and  the  observed  relaxation  phenomenon  in 
this  case  is  clearly  due  to  a  process  localized  to  an  atomic  scale  region  of  the  interface,  The 
implication  is  that  the  stress  from  a  dislocation  strain  field  can  be  utilized  to  study  the  local 
properties  of  an  interfacial  region.  Estimates  of  the  shear  strength  of  a  specific  interface  can  be 
experimentally  determined  by  measuring  the  applied  stress  on  a  dislocation  and  the  relaxation 
behavior  as  a  function  of  this  applied  stress 
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MICROANALYSIS  OF  A  COPPER-TO-GRAPHITE  SOLDER  BOND 
JAMES  B,  INTRATER 

Advanced  Technology,  Inc,,  21 10  Ringwood  Ave.,  San  Jose,  CA  95131 

ABSTRACT 

SEM,  x-ray  microprobe  and  EDS  analysis  was  performed  on  a  uniquely  prepared  joint  of 
graphite  soldered  to  copper  with  60Sn-40Pb.  The  presented  data  shows  a  segregation  of 
chromium  out  from  the  metallization  paste  to  the  graphite/solder  interface.  Dot  maps  of  the 
other  elemental  species  were  also  generated, 


BACKGROUND 

Soldering  and  brazing  to  non-metals  such  as  graphite,  can  be  u  technical  challenge,  One 
popular  method  for  secure  metallurgical  bonds  to  carbon  and  general,  conventional  ceramics 
is  known  as  the  "active  metal"  approach  [1-7],  This  method  relies  on  the  addition  of  a 
column  IVB  metal  (Ti,  Zr  or  I  lf)  to  conventional  solder  and  brazo  compositions  and  firing 
those  mixtures  in  on  extremely  inert  atmosphere  (c.  g.,  Ar  or  vacuum)  at  generally  850-950° 
C  at  which  point  the  active  metal  component  will  migrate  toward  the  non-metal/fillcr 
Interface  and  undergo  compound  formation  with  the  various  ionic  species  present.  An 
alternative,  patented  process  for  thick  film  metallizing  ceramic  materials  is  termed  the 
Intragene™  process  [8-10],  This  metallization  is  prepared  through  the  application  of  u  *325 
mesh  metallic  powder  mixture  of  tin  with  particular  transition  metals  added  to  typicully 
below  8  wt.  %,  in  an  appropriate  organic  vehicle.  This  mixture  is  then  painted  or  screen 
printed  onto  the  substrate  of  interest,  dried,  and  the  fired  generally  to  800-900°C  for  roughly 
10-15  minutes  at  temperature.  The  firing  atmosphere  must  have  a  presence  of  CO  in  it  to 
facilitate  the  bonding/wetting  reaction,  It  Is  known,  however,  that  by  firing  such  a  paste  in  an 
N2  atmosphere  that  sufficient  CO  is  generated  locally  by  the  binder  burnout,  that  successful 
metallization  can  bo  achieved  with  this  atmosphere.  This  procedure  will  yield  u  direct 
metallurgical  bond  of  the  tin-rich  composition  to  the  substrate  surface  and,  further,  the 
formed  metallization  surface  can  be  safely  reflowed  at  232°C  (the  melting  point  of  tin) 
without  dewetting  from  the  surface.  Through  reflowing  conventional  solder  compositions 
into  the  metallization  layer,  the  surface  con  be  converted  into  a  solder  layer,  tenaciously 
adherent  onto  the  substrate  surface,  It  is  presently  believed  that  the  metallization  constituents 
alloy  and  then  undergo  oxycarbide  formation  with  CO  followed  by  solution  formation  with 
the  surface  of  the  substrate  and  with  a  substrate  such  as  graphite,  revert  to  a  carbide  structure 
(with  oxygen  outgassing).  Possible  advantages  over  aotive  metal  methods  can  include 
avoidance  of  excessive  and  unorrested  diffusion  reactions  between  the  substrate  und  the 
aotive  metal,  and  avoidance  of  oxidation/competitive  reaction  possibilities  of  the  final 
metallization  surface, 

In  the  specific  case  of  graphite,  a  composition  of  5  wt.  %  Cr-balance  Sn,  is  generally  used 
as  the  metallization  composition.  The  solderable  layer  that  the  above  process  generates 
allows  for  the  soldering  of  graphite  to  OFHC  copper  for  applications  utilizing  the 
conjunctive  use  of  the  two  materials.  One  such  application  is  the  soldering  of  graphite 
sputtering  targets  to  copper  hacking  plates,  where  both  electrical  throughput  und  heat 
dissipation  to  and  from  the  graphite  is  required,  respectively. 

This  research  focused  on  determining  the  elemental  distribution  analysis  of  a  graphite  to 
copper  solder  joint  prepared  via  the  described  method. 
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EXPERIMENTAL  PROCEDURE 

A  piece  of  high  purity  (99,9995%)/high  density  (1.90  gm/cm3)  graphite*  was  painted 
with  an  Intragenc™  composition  of  i  wt,  %  Cr-Bal.  Sn  and  air  dried  at  1 50°C  for  8  minutes. 
The  part  was  then  fired  In  an  N2  atmosphere  to  900°C  for  20  minutes  at  temperature.  The 
part  was  then  eooled  and  removed.  The  binder  had  burned  out  from  the  paste  and  the  final 
graphite  piece  was  Ailly  metallized  on  the  surface.  The  graphite  piece  was  then  placed  on  a 
hot  plate  and  heated  to  approx.  250°C  at  which  point  the  metallization  layer  was  then 
quickly  thinned  down  in  its  molten  state  with  a  razor  blade.  Conventional  solid  bar  tiOSn- 
40Pb  solder  was  reflowed  on  top  of  the  metallization  surface  and  this  part  was  then  placed 
with  metallization  face  down,  against  a  pre-tlnned,  pre-solder-wetted  piece  of  OFHC  copper, 
also  at  250°C.  The  resultant  part  was  then  cooled,  sectioned  and  then  subjected  to  SEM/x- 
ray  fluorescence  analysis.  Generated  were  backscattcr  and  secondary  electron  images  of  the 
overall  joint  along  with  elemental  dot  maps  for  C,  Cr,  Pb,  Sn  and  Cu  with  EDS  quantitative 
data  collected  for  Sn  and  Pb  in  the  solder  region  and  Sn  and  Cu  in  their  interdiffusion  zone. 


RESULTS 

Figure  1  shows  a  300X  backscattcr  image  of  the  joint  with  graphite  at  top  and  copper  at 
bottom.  Scratch  and  pit  murks  reflect  haste  in  our  sectioning  work  though  this  did  not  seem 
to  interfere  with  data  collection,  Five  zones  appear  distinctly  present.  From  the  top  down 
they  are  : 

1  -A  pitch  black  (I.  e.  low  atomic  #)  layer  (graphite) 

2- An  approx.  10pm.  thick  semi-dark  region 

3- The  bulk  of  the  intermediate  phase  (approx.  100pm,  thick) 

4- A  region  between  zone  3  and  the  bottom  phase  (approx.  45pm.  thick) 

5- Bottom  phase  (copper) 


Figure  1 .  300X  backsoatter  electron  image  of  bond  cross-seotion 
showing  5  distinct  phases  present  in  bond. 
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Figure  2.  is  a  500X  secondary  electron  image  of  the  joint.  Figures  3-7  are  the  elemental 
dot  maps  for  this  same  region  for  C,  Cr,  Pb,  Sn  and  Cu,  respectively.  Ignoring  possible  stray 
signals  and  dots  due  to  debris  effects,  the  same  5  regions  appearing  in  Figure  1  can  be 
described  as  follows: 

1-  Pure  carbon 

2- Altnost  pure  Cr 

3- Sn-Pb  solder  region 

4- Zone  of  Interdiffusion  of  Sn  with  Cu 

5- Pure  Cu 


Figure  2.  500X  Secondary  electron  image  of  solder  bond, 


i 


•111  I5KV  X5M  l«l*i  ND24 


Figure  3.  Elemental  dot  map  for  C  showing  graphite  where  expected 
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Figure  4,  Elemental  dot  mup  for  Cr  showing  enrichment 
at  the  solder/graphite  interface.  Spectrum  for  this  region 
is  shown  in  Figure  8,  Zone  is  essentially  pure  Cr. 
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Figure  5.  Elemental  dot  map  for  Pb  showing  uniform  distribution 
throughout  the  solder  layer  EDS  analysis  showed  this  region  to 
have  roughly  37.5  wt,  °/c  Pb  which  approximates  the  starting 
composition, 
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Figure  6.  Elemental  dot  map  for  Sn  showing  utiilorm  presence 
throughout  tile  solder  luycr  but  also  some  dlf'ilision  with  Cu. 


Figure  7.  Elemental  dot  map  lor  Cu  showing  some  diffusion 
with  Sn, 


Closer  examination  of  zone  2  (spectrum  shown  in  Fig,  8)  coulu  nut  find  more  than  truce 
amounts  of  C,  Sn  and  Pb  and  their  presence  could  not  bo  ruled  out  as  being  due  to  slgnul 
bleed-over  from  the  adjacent  zones,  It  appears  thut  In  order  to  detect  the  region  of  actual 
transition  from  the  Cr  to  the  C,  much  high  resolution  microscopy  would  bo  required,  It 
should  be  farther  stated  that  there  is  some  possibility  that  the  Cr  prcsenco  at  the  intorfuco 
may  not  be  entirely  due  to  chemical  bonding  potential  but  that  some  smull  amount  of  Cr  may 
segregate  to  that  locution  due  to  solidification  effects  of  the  bulk  solder  layer. 
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Energy  dispersive  spectroscopic  (EDS)  analysis  of  Zone  3  showed  62.43  wt.  %  Sn-  37.57 
wt.  %  Pb  ,  EDS  is  never  expected  to  give  highly  precise  numbers  and  these  values  are 
clearly  representative  of  the  starting  solder  composition,  it  is,  nevertheless,  possible  that 
since  those  values  are  so  dose  to  the  eutectic  composition  that  there  is  some  greuter 
fluorescence  being  detected  from  the  eutectic  structure.  It  is  necessary  to  consider  a 
possibility  along  these  lines  especially  compensate  for  the  additional  fact  that  some  Sn  is  lost 
to  diffusion  Into  the  Cu  and  thus  less  than  60  wt.  %  Sn  should  be  remnant  in  the  solder  layer, 
This  was  not  u  crucial  point  in  this  work, 

The  spectrum  for  this  Sn-Cu  diffusion  zone  is  shown  in  Figure  9.  EDS  analysis  of  this 
region  gave  compositional  values  of  80.35  wt.  %  (88.42  at.  %)  Cu  end  19.65  wt,  %  (11 ,58 
at,  %)  Sn  In  this  zone.  If  accurate,  this  would  correspond  to  a  two  phase  mixture  of  almost 
pure  Cu  and  ts-bronze  seen  in  the  Cu-Sn  phase  diagram  11 1]  shown  In  Figure  10. 


SUMMARY  AND  CONCLUSIONS 

A  solder  bond  between  graphite  and  copper  was  prepared  through  metallization  of  the 
graphite  with  a  Sn-Cr  mlxtuto  followed  by  reflow  soldering  with  60Sn-40Pb,  SEM,  x-ray 
micruprobo  and  EDS  analysis  showed  that  Cr  is  enriched  ut  the  solder/graphite  interface  and 
that  a  diffusion  zone  of  Sn  (but  no  Pb)  with  copper  occurs  at  the  solder/Vopper  interface,  The 
latlcr  finding  is  not  at  all  unexpected  as  a  natural  solder  joint  Interlace,  The  preferential 
reaction  of  Sn  with  Cu  ovor  Pb  with  Cu  could  bo  duo  to  the  physical  and  chemical 
aggression  of  the  prc-llmiiilg  of  the  copper, 

Meticulous  reexumination  of  the  Cr  region  could  not  verify  sufficient  C  presence  to 
suggest  definite  carbide  formation  throughout,  To  detent  the  exact  nuture  of  the  Cr-C 
Interaction,  It  Is  clear  that  much  higher  magnification  microscopy  work  would  liuvo  to  bo 
performed.  However,  5  distinct  zones  were  Identified  and  show  a  general  macroscopic, 
chemical  transition  tVom  the  graphite  to  the  copper. 
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Figure  9.  Spectrum  of  Cu-Sn  reaction  zone.  EDS  analysis 
showed  this  zone  to  have  an  approx,  composition  of 
80,35  wt.  %  Cu-  balance  Sn. 
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Figure  10.  Binary  alloy  phase  diagram  for  Cu-Sn,  At  upprox. 
S0.35  wt,  %  Cu  the  equilibrium  phase  is  a  2-phasc  mixture  or 
extremely  copper  rich  solid  solution  and  a  bronze  phase. 
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ABSTRACT 

The  mechanical  properties  of  interfaces  in  TI/AI2O3  composites  were  characterized 
by  four  point  bending  and  fiber  pushuut  tests.  To  determine  the  bl-material  fracture 
toughness  with  four  point  bending  tests,  planar  interfaces  were  evaluated  as  sandwich 
composites.  By  changing  the  ptocessing  temperature  from  700°C  to  1000°C,  the 
interfacial  fracture  energy  was  found  to  increase  up  to  950°C.  It  then  decreases  when  the 
processing  temperature  is  further  increased  to  lOOCrC,  This  is  because  of  the  formation  of 
the  imennetallic  compound  (TI3AI).  Interfacial  shear  strength  and  interfacial  frictional 
stress  of323MPa  and  312  MPa  were  obtained,  respectively,  by  performing  pushout  tests 
of  the  AI2O3  fiber  reinforced  Ti  mwrlx  composites.  These  values  are  smaller  than  the  shear 
yielding  strength  of  the  Ti  matrix  which  is  525  MPa. 

INTRODUCTION 

Continuous  fiber  reinforced  Ti  matrix  composites  have  received  attention  in  the 
aerospace  industry  as  advanced  structural  materials  because  of  their  hi.<jh  specific  strength, 
excellent  corrosion  resistance  and  good  high  temperature  thermal  stability!  1-3].  The 
macroscopic  mechanical  properties  of  these  composites  are  controlled  not  only  by  the 
mechanical  properties  or  the  constituents  but  also  by  the  adhesion  strength  of  the 
fiber/matrix  interfaces.  Usually,  bonding  and  adhesion  between  the  metal  and  me  ceramic 
are  critical  to  the  mechanical  properties  of  the  composites.  When  a  metaJceramlc  interface 
in  the  composite  is  subjected  to  excessive  external  or  residual  stress,  failure  will  occur 
along  the  interface  or  within  one  of  the  two  constituents[4][5].  Inteifacial  debonding  and 
sliding  play  an  important  role  in  determining  the  overall  fracture  toughness  of  the 
composites  under  tensile  loading,  It  is  recognized  that  the  interfacial  debonding  and  sliding 
process  in  the  fiber  composites  arc  dominated  by  the  interfacial  fracture  energy  and 
interfacial  frictional  stress  respectively^].  The  main  purpose  of  this  paper  is  to  report  on 
the  interfacial  fracture  energy  and  interfacial  frictional  stress  in  T1/AI2O3  composites  as 
measured  by  four  point  bending  and  fiber  pushout  tests.  The  relationship  between  the 
mechanical  properties  and  microstructure  is  also  discussed. 


EXPERIMENTAL ...  110CEDURE 


The  test  specimen  which  served  as  a  model  system  to  evaluate  the  interfacial 
fracture  energy  consists  of  a  bimaterial  beam  with  symmetric  precracks,  as  shown  in 
Fig.  1 .  To  make  sandwich  specimens  for  the  four  point  bending  tests,  they  were  prepared 
as  follows:  thin  foils  of  Ti  (99.8%  pure)  and  AI2O3  plates  were  immersed  in  isopropyl 
alcohol  for  10  min  and  then  cleaned  in  an  ultrasonic  cleaner  for  20  min.  They  were 
sandwiched  with  a  3mm  gap  between  the  two  foils  to  form  a  precrack,  wrapped  with  Ta 
foils  and  encapsulated  in  glass  containers  evacuated  to  iq-®  torr.  They  were  then  Hot 
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Isostatic  Press  (HIP)  bonded  in  an  Ar  gas  atmospliere.  Specimens  were  first  heated  to  the 
softening  point  of  the  glass  under  a  pressure  of  1.75  MPa  for  10  mitt  and  then  pressure  and 
temperature  were  simultaneously  raised  to  7  MPa  and  a  fixed  temperature  which  ranged 
from  700°C  to  1000°C.  The  bonding  time  was  fixed  at  lhr.  After  HIPing,  a  notch  was 
cut  in  the  sandwich  specimen  from  the  AI2O3  side  with  a  low  speed  diamond  saw.  Because 
of  the  gap  between  the  foils,  this  forms  a  well  defined  precrack. 


Fig.  1 .  Specimen  geometry  for  four  point  bending  tests  with  symmetric  precracks 

The  specimens  were  placed  In  a  four  point  bending  fixture  mounted  on  an  MTS 
machine.  The  crosshead  speed  was  0.06  mm/min  with  load  and  displacement  being 
recorded  during  the  test.  A  critical  load  drop  marks  the  propagation  of  n  crack  along  the 
interface  between  Ti  and  AI2O3.  This  critical  load  was  used  to  calculate  the  interfacial 
fracture  toughness.  The  details  of  the  calculation  am  described  elsewhere[7].  After  tho  four 
point  bending  tests  were  completed,  the  specimens  were  cut  perpendicular  to  the  bonding 
interface  with  a  low  speed  diamond  saw,  The  exposed  cross  section  was  then  polished. 
Following  this,  mlcrostructural  observations  anti  chemical  analyses  were  conducted  by 
Scanning  Electron  Microscopy  (SEM)  and  Energy  Dispersive  X-ray  Analysis  (EDAX). 


The  Aln03  fiber  reinforced  P-21S  Ti  alloy  composites  used  in  this  test  were 
provided  by  3M  company.  The  diameter  of  the  AI2O3  fibers  was  10  pm.  To  reduce  the 
chemical  reaction  between  the  fiber  and  the  matrix,  the  fibers  wens  coated  with  a  refractory 
metal  and  Y2O3  duplex  coating,  the  nature  of  which  is  proprietary.  A  sample  with  a 
thickness  of  around  0.3  mm  was  cut  perpendicular  to  the  AI2O3  fibers  by  using  a  diamond 
saw.  This  was  thinned  down  to  100  pm  by  sanding  followed  by  polishing  with  i.O  pm 
diamond  paste.  By  utilizing  a  dimpler  to  provide  the  final  thinning  and  polishing,  a 
thickness  of  30  pm  could  be  achieved  for  the  fiber  pushout  test. 

A  schematic  diagram  of  the  ■ 

setup  for  the  fiber  pushout  tests  is  ■  .  . 

shown  in  Fig.  2,  The  fitter  pushout  I  ~  ‘nd,a  t°r 

tests  were  performed  by  driving  the  §1 

indentor  into  the  fiber  at  a  constant  .  ^ 

rate  of  0.3  pm/s.  During  the  test,  Rj  S  N  ^  SI — 1  -AbOi  fiber 

the  load-displacement  curve  was  -  CS  s  N  S  :Rj 
recorded  continuously  by  using  an  . ;  :<RJ  S  CS  S  KH  ■’  -»T1  matrix 
IBM  personal  computer  and  a  chart  IS  N  N  IS  Ri :  'I 

recorder.  When  the  displacement  of 
the  fiber  was  about  3  pm,  the 


Fig.  2.  Setup  for  pushout  tests 
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indentor  was  unloaded.  The  lo*J-dlsplacement  data  was  used  to  calculate  the  interfacial 
shear  strength  and  interfacial  frictional  stress,  Scanning  electron  microscopy  was 
performed  to  observe  the  fracture  surface  after  the  pushout  test. 


RESULTS  AND  DISCUSSION 
Four  point  bending  lau- 

The  interfacial  fracture  toughness  was  measured  at  different  applied  bonding 
temperatures  for  a  25  pm  thickness  Ti  interlayer,  The  relationship  between  interiacial 
fracture  toughness  (or  lnterfacial  fracture  energy)  and  bonding  temperature  is  shown  in 
Fig.3.  The  interfacial  fracture  toughness  ( or  lnterfacial  fracture  energy )  increases  to  2.66 
MPa-ntl/J(  or  34.1  J/m3  )  as  the  bonding  temperature  increases  to  950°C.  Then  the 
interfacial  fracture  toughness  drops  to  1.9  MPa-m'/3  ( or  16,9  J/m3)  when  the  bonding 
temperature  is  further  raised  to  1000°C.  A  reaction  layer  exists  between  Ti  and  AIj03 
when  the  bonding  temperature  is  1000°C,  The  composition  of  the  reaction  product  at  the 
Interface  was  analyzed  by  using  EDAX  with  the  semi-quantitative  data  being  shown  in 
Fig, 4.  From  the  measured  atomic  %  of  Ti  and  Al,  the  reaction  layer  between  Ti  and  AljOj 
Is  identified  as  TijAl.  Because  the  TI3AI  intermetallic  alloy  is  very  brittle[8,9],  it  will 
reduce  the  fracture  toughness  of  the  Interface.  It  is  expected  that  when  the  bonding 
temperature  is  1000°C,  a  great  deal  of  TI3AI  is  produced  which  will  decrease  the 
lnterfacial  fracture  toughness  of  TI/AI2O3  composites.  This  is  consistent  with  Tressler  and 
Moore's[10,l  1]  results  on  the  deterioration  of  TI/AI2O3 composite  tensile  strength  caused 
by  the  presence  of  TI3AI  produced  during  processing. 


e  Interracial  fracture  energy 
o  lnterfacial  fracture  toughness 


Fig,  3.  The  relationship  between  the  interfacial  fracture  toughness  (or  interfacial  fracture 
energy)  and  applied  bonding  temperature, 
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Fig.  4,  EDAX  analysis  of  the  reaction  product  at  the  interface. 

Fiber  jjs piaccment  curve  0f  a  fiber  pushout  test  is  shown  as  Fig.  5.  At  first, 

the  load  Increased  with  increasing  displacement,  This  corresponds  to  the  initial  clastic 
loading.  There  is  a  critical  load  drop  (Pcr)  at  0,3  N  which  means  that  the  initial  debond  ng 
between  the  fiber  and  the  matrix  occurred.  Then  continuing  debonding  and  fiber  sliding 
happened  concurrently  to  a  fiber  sliding  distance  of  I  (im  which  marked  the  end  of 
debonding.  After  the  fiber  had  slid  another  1.5  urn,  the  unloading  stage  was  initiated, 
The  observation  of  the  fiber  after  the  pushout  test  Is  shown  in  Fig,  6. 

0.35  -r . I . . I' . '! . I . i 


*  •*«*  •« 

=z 


0  1  2  3  4  5 

Indentor  Displacement  (pm) 

Fig, 5.  The  load-displacement  curve  for  the  pushout  tests. 


Pig.  6.  ,SEM  micrograph  of  the  pushed-out  fiber,  (a)  Indented  side,  (b)  Pushed-out  side. 


The  lmerfacial  shear  strength  (  t.)  and  interfacial  frictional  stress  (  t)  were 
calculated  us  follows:  ' 

TlmA 


T 


where  P  is  the  loud  measured  during  the  pushout  test,  R  is  the  radius  of  the  fiber,  t  is  the 
thickness  of  the  composite  and  d  is  the  pushout  length  of  the  fiber.  The  relationship 
between  the  interfacial  frictional  stress  and  fiber  displacement  is  shown  in  Pig.  7.  The 
calculated  interfacial  shear  strength  and  interfacial  frictional  stress  are  323  MPa  and  312 
MPa  respectively.  The  calculated  interfacial  shear  strength  is  a  little  higher  than  that  of  u 
Boron  fiber  reinforced  Tl-6-4  alloy  composkc[3].  These  values  are  also  smaller  than  the 
shear  yielding  stress  of  the  p-21S  alloy  which  is  523  MPa[  12].  Prom  tlte  X-ray  mapping, 
it  was  found  that  the  intcrfacial  fracture  process  occurred  between  the  refractory  metal  and 
Y2O3  interface. 
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Pig.  7.  The  relationship  between  the  interfacial  frictional  stress  and  fiber  displacement. 
CONCLUSIONS 

The  Interfadal  fracture  toughness  (or  interfacial  fracture  energy)  reaches  a 
maximum  value  of  2.66  MPa-mlrt  (or  34. 1  J/m2)  with  a  bonding  temperature  of  950°C  for 
the  TI/AI2O3  composites.  Because  the  intermetallic  compound  TUA1  was  produced  during 
bonding  at  1000°C,  it  deteriorates  the  conmosites.  The  Interfadal  shear  strength  and 
interfacial  frictional  stress  In  AljOj  fiber  reinforced  Ti  matrix  composite  are  323  MPa  and 
312  MPa  respectively,  These  stresses  are  smaller  than  the  shear  yielding  stress  of  the  [)- 
21S  alloy  which  Is  325  MPa.  It  was  seen  that  the  crack  propagates  at  the  interface  between 
the  refractory  metal  and  YjOj. 
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ABSTRACT 

It  ii  known  that  the  fracture  resilience  of  glau-copper  interface!  depend!  Wrongly  on  the 
water  content  in  ambient  gaseous  environment!.  In  the  present  study,  suDcritical  crack  growth 
stimulated  by  water  and  other  environmental  species  is  Investigated  for  such  interfaces  Teits 
were  conducted  in  various  liquids,  namely  water,  N-methylfomiamide,  and  n-butanol.  All  were 
found  to  accelerate  fracture  with  the  greatest  effect!  from  liquid  water.  Result!  are  considered 
in  the  context  of  current  models  for  stress-corrosion  crack  growth. 

INTRODUCTION 

Understanding  the  mechanical  behavior  of  ceramic-metal  interfaces  is  vital  to  predicting 
the  performance  and  reliability  of  numerous  components  for  advanced  technologies. 
Composite  materials,  microelectronic  devices,  wear  and  corrosion  resistant  coated  components 
all  have  mechanical  properties  that  critically  depend  on  the  ceramic-metal  interfaces  contained 
within  them. 

The  Integrity  of  such  bimaterial  interfaces  ia  often  characterized  In  terms  of  their  resistance 
to  fracture,  as  defined  by  a  critical  fracture  energy  Gc,  or  fracture  toughness  K0  [11.  However, 
since  components  often  fail  at  stresses  far  below  those  required  for  such  catastrophic  failure,  it 
Is  necessary  to  consider  additionally  subcritical  crack  growth  [2]  and  cyclically  induced  fracture 

[3]  at  or  near  these  interfaces  when  predicting  In  service  life, 

It  has  previously  been  observed  that  glass-copper  interfaces  exhibit  environmentally- 
assisted  subcritical  crack  growth  at  rates  that  vaiy  by  orders  of  magnitude  depending  on  the 
water  content  of  the  gaseous  environment  [2],  Accordingly,  the  purpose  of  the  present 
ongoing  study  Is  to  determine  the  accelerating  effects  of  various  liquid  environments  on  such 
stress-corrosion  craok  growth  relative  to  that  in  water.  Results  are  being  compared  with  those 
for  bulk  glass,  rather  than  copper  which  is  immune  to  stress  corrosion  in  these  environments 

[4] ,  with  the  objective  of  providing  some  Insight  Into  the  micro-mechanisms  of  stress-corrosion 
cracking  along  glass-copper  interfaces. 

BACKGROUND 

A  schematic  crack  velocity-driving  force  (o-G)  cuive  for  stress-corrosion  cracking  along  a 
glass-copper  interface  (Fig,  Is)  displays  four  distinct  regimes  of  behavior  which  should  oe 
anticipated  based  on  reported  behavior  [2,3].  Three  of  the  regions,  labeled  I,  II,  and  III,  are 
analogous  to  the  three  regions  readily  observed  for  stress  corrosion  in  bulk  glass  [6,7] 
(Fig.  lb).  Models  for  these  regions,  developed  largely  for  glsis,  are  described  briefly. 
However,  it  is  recognized  that  for  interface  cracks,  a  stress  field  rotation  is  introduced  by 
elastic  discontinuities  [81  which  makes  the  relationships  among  strain  energy  release  rate,  Cr, 
streaa  intensity  factor  K,  and  crack-tip  geometry  more  complex,  Even  so,  the  approximate 
models  now  available  fur  stress  corrosion  crack  growth  should  provide  useftil  guidance 
especially  for  nominally  symmetrical  far-fleld  loading  wherein  shear  effects  are  minimal 

ThrMbold  Rtglnu 

The  threshold  region,  displayed  in  Fig.  la,  ia  somewhat  ambiguous  for  bulk  glass, 
Although  there  have  been  studies  in  which  a  threshold  has  been  indicated  for  glass  [9],  iti 
existence  ii  hard  to  confirm  since  it  occurs  at  such  iow  crack  growth  velocities  that 
measurements  are  difficult.  However,  tie  observations  for  fracture  of  giass-Cu  interfaces 
reveal  pronounced  threshold-like  behavior  becoming  apparent  at  higher  velocities  than  for 
glass  [2,5]  that  must  be  considered  and  farther  characterized. 
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Fig.  1:  Schematic  dlagrami  ihowing  (a)  regime*  of  itreu  corroilon  crack  growth 
anticipated  for  a  typical  ceramic-metal  internee,  and  (b)  behavior  typically  observed 
for  glass. 


Region  I 

In  Region  I,  the  crack  velocity  Is  highly  dependent  on  applied  stress  intensity  and  Is 
thought  tone  controlled  by  the  rate  of  a  stress-dependent  chemical  reaction  occurring  vlitually 
at  the  craok  tip,  where  adsorbing  species  expedite  bond  rupture  giving  [10,1 1,12]; 

u  ■  w„  exp[(-zW + AG)  I  kT]  (1) 

where  ua  la  approximately  proportional  to  the  activity  of  reactive  speoles;  AH  Is  an  activation 
enthalpy;  A,  the  activation  area;  k,  Boltzmann's  constant  and  7',  the  absolute  temperature. 

Ration  11 

Two  distinct  situations  have  been  identified  for  stress  corrosion  in  bulk  glars  wherein 
craok  growth  rates  are  limited  by  transport  of  water,  or  other  reactive  species,  to  the  crack  tip 
[6,13].  In  a  gaseous  environment,  the  transport  Is  limited  by  the  rate  of  diffusion  of  the 
reacting  species  through  a  stagnant  region  which  extends  a  distance  6  behind  the  crack  tip. 
The  crack  velocity  in  this  plateau  region  is  given  by  [6,12]: 


where  £  is  a  constant  dependent  on  bond  length  and  number  of  bonds  broken  per  unit  are*  of 
fVacture  surface,  C0  is  the  bulk  concentration  of  the  diffusing  species,  D  Is  the  diffUsivity  of  the 
diffusing  species,  which  may  be  Inversely  proportional  to  tj  the  viscosity  of  the  solution. 
Similar  behavior  obtains  for  specimens  immersed  in  inert  liquids  in  which  Impurities  of  an 
active  species  control  crack  extension,  e.g,  for  toluene  containing  trace  amounts  of  H^O  [7]. 

Tests  conducted  on  glass  in  liquid  water  also  display  a  plateau  region;  this  case  cannot  be 
described  by  diffusion  limitations  but  instead  derives  from  viscous  drag  effects  [13],  As  the 
crack  extends  and  the  crack  surfaces  are  pulled  further  apart,  a  negative  pressure  develops  in 
the  liquid  immediately  behind  the  craok  tip,  The  negative  pressure  causes  closing  tractions  on 
the  crack  flanks  thereby  opposing  the  applied  stress  intensity.  Calculation*  suggest  that  the 
crack-tip  stress  intensity,  Kt,  is  reduced  from  the  for  field  value  by  the  amount  [12]; 


AK  =  -8.76urj[K'/2/k|]1(nc)l,J 


(3) 


Ill 


where  c  is  the  crack  length.  The  dependence  in  terms  of  G  can  alternatively  be  seen  by  using 
the  approximation  for  a  homogeneous  material:  A>(G£')'/1.  For  plane-strain  conditions, 
E  “E/( 1-v2),  where  E  is  Young’s  modulus  and  v  is  Poisson's  ratio,  This  equation  predicts  a 
gradual  downturn  in  the  o-G  curve  at  higher  crack  growth  velocities,  which  ft  often  less  sharp 
than  the  transition  observed  between  Region  I  and  the  plateau  region  [12], 

Further  models  for  this  regime  yield  differences  based  upon  the  assumed  profile  of  the 
crack  flank  and  upon  whethor  or  not  the  fluid  it  supposed  to  be  retained  clear  to  the  tip  of  the 
moving  crack  [14,151.  However,  cavitation  was  found  to  cause  an  abrupt  transition  from  the 
plateau  region  into  Region  111  by  Michalske  and  Frechette  for  bulk  glass  [16],  Apparently 
there  is  a  critical  crack  growth  velocity  at  which  the  pressure  gradient  created  is  not  sufficient 
to  drive  the  fluid  fast  enough  to  keep  up  with  the  rspidly  moving  crack  tip.  Once  cavitation 
bubbles  nucleate,  they  rapidly  spread  and  largely  eliminate  the  vlscoue  dreg.  A  simple  model 
fbr  the  critical  velocity  at  which  cavitation  first  occurs  is  [16]: 

(4) 

where  y  is  the  surface  tension  of  the  liquid,  r  is  the  ridius  of  the  cavitation  bubble,  p  is  the 
atmoepheric  pressure,  a  li  the  half-angle  crack  opening,  and  X]  and  Xi  represent  the  positions 
of  the  center  of  the  cavitation  bubble  and  the  open  end  of  the  crack,  respectively, 

RealonJll 

Crack  growth  in  Region  III  is  dictated  by  thermally  activated  processes  in  which  inherent 
barriers  associated  with  bond  rupture  at  the  crack  tip  must  be  overcome  fbr  brittle  ceramics. 
Although  crack  growth  seems  relatively  independent  of  environment,  weak  environmental 
dependencies  have  been  studied  fbr  bulk  glass  [12],  The  fUriher  complexities  associated  with 
plasticity  for  ceramic-metal  interfaces  remain  to  be  understood. 

Reactive  Snecles 

Studies  conducted  in  various  liquid  environments  fbr  bulk  glass  [17]  showed  that  specie* 
other  than  water  promoted  stress  corrosion  crack  growth  provided  that  they  have  a  similar 
structure  as  wster  (proton  donor  on  one  side  of  molecule  snd  lone  pair  of  electrons  on  the 
other)  and,  equally  important,  that  they  can  reach  the  crack  tip  free  of  steric  hindrances 
Fig.  lb  showa  the  difference  between  a  liquid  environment  that  enhances  stress  corrotion  and 
one  where  the  residual  impurities  are  responsible  for  any  subcrltlcal  crack  growth.  The  large 
differences  in  the  velocity  for  Region  11  have  been  used  to  judge  whether  or  not  a  specific 
liquid  Is  active  toward  glass.  In  the  following,  several  liquids  are  compared  in  terms  of  their 
behavior  at  glaas/Cu  interfaces  versus  that  with  bulk  glass 

EXPERIMENTAL  PROCEDURES 

Studies  were  conducted  using  double-cantilever-beam  (DCR)  specimens,  consisting  of  a 
1,5  pm  thick  copper  film  bonded  between  two  glass  substrates  (Fig.  2),  Simples  wore 
prepared  by  evaporating  copper  films  onto  each  of  two  foacd  silica  substrates  (of  size  75  by  25 
by  2  mm).  A  10-20  nm  layer  of  chromium  was  evaporated  onto  one  substrate  prior  to  the 
copper  in  order  to  confine  crack  propagation  to  one  Interfaco.  The  substrates  were  then 
diffusion  bonded  it  470°C  for  2  hours  under  e  pressure  of  9  MPa.  These  conditions  lead  to 
interface  impurities  such  that  fracture  is  always  exactly  at  the  Interface  [2,3,5],  To  permit 
loading  of  the  sample,  aluminum  arms  were  attached  using  epoxy. 

Testing  in  liquid  environments  was  achieved  by  hurraing  the  bottom  grip  and  specimen  In 
the  liquid  contained  in  a  500  ml  dish  and  surrounding  the  whole  loading  apparatus  with  an 
environmental  control  dumber.  The  chamber  was  purged  with  dry  nitrogen  gas  (pissed 
through  Drierite™)  for  at  least  one  half  hour  prior  to  the  addition  of  each  test  liquid.  A 
constant  flow  of -1  liter/min  was  used  to  minimize  the  water  absorbed  by  the  liquids  from  the 
surrounding  environment  during  testing, 

Both  constant  displacement  and  constant  croishead-ipced  loading  conditions  were  used. 
In  constant  displacement  tests,  the  samples  were  loaded  to  a  predetermined  value  and  the 
crosshead  position  was  fixed,  The  load  was  then  allowed  to  relax  during  crack  advance.  The 
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Fig.  2:  DCE  specimen  used  to  evaluate  wbcritieuJ  fracture. 

load  veraus  time  data  were  converted  Into  a  crack  velocity  veraua  strain  energy  release  rate 
plot  using  compliance  relatione  and  a  computer  curve  fitting  routine,  A  similar,  although  more 


opaque  ceramic-metal  couplei  with  single  Interface  cracks, 

RESULTS 

Due  to  differences  in  bonding  and  chemistry  introduced  during  fabrication,  each  interface 
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is  necessary  to  aynthesize  results  from  several  samples  in  a  way  that  recognizes  such  variations, 
as  well  as  tlw  geometry  dependencies  for  different  crack  growth  regimes. 


Data  for  several  tests  conducted  in  ambient  air  (~50%  relative  humidity)  shown  In  Fig,  3a 
exhibit  marked  acceleration  of  fracture  in  the  moist  atmosphere,  Note  that  there  is  significant 
sample-to-sample  variation  in  the  threshold  and  Region  I  regimes,  However,  these  data  are 
consistent  with  prior  results  |2]  Indicating  that  the  plateau  (Region  II)  regime  remains 
relatively  unaffected.  At  lower  velocities,  the  log  i>G  curves  become  very  steep,  again 
insistent  with  earlier  data  for  ulass-Cu  Interfaces  17.51  that  show  distinctly  threshold-like 


behavior  obtains  over  a  much  wider  range  of  crack  velocities  (<  1  x  10*7  m/s)  than  for  glass; 
for  glut  any  indication  of  threahold  behavior  only  appears  at  very  low  crack  velocities 
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depending  on  the  chcmistty  of  the  interface,  Although  further  evidence  is  needed,  the 
threshold  is  thought  to  be  associated  with  crack-tip  bridging  [2]  or  blocking  processes, 
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A  few  data  for  tests  In  dry  N,  In  Fig,  3b  suggest  that  some  thermal  activation,  i.e,  velocity 
dependence,  occurs  In  Region  Ilf  The  magnitude  of  G  is  similar  to  that  for  a  few  other  high 
velocity  data  in  Fig,  3a.  Although  some  sample  to  sample  variation  exists,  these  provide  an 
estimate  of  the  inherent  o-G  behavior  to  be  compared  with  fracture  in  active  environments. 


Liquid  Environments 

Three  of  the  liquid  environments  used  to  conduct  tests  on  gtass-Cu  interfaces  were:  water, 
N-mcthylformumlde,  and  n-butanol.  These  were  chosen  as  some  amides  and  alcohols  cause 
stress  corrosion  in  glass,  but  n-butanol,  which  possesses  the  necessary  reactive  groups,  is  not 
aggressive  to  glass  since  it  has  too  large  a  molecular  size  to  penetrate  through  the  small  crack 
opening  to  reach  the  tip  [12,17], 


da/at  (m/s)  CRACK  VELOCITY,  da/dt  (m/s) 


0123401  234 


CRACK  EXTENSION  FORCE,  G  (J/tr?)  CRACK  EXTENSION  FORCE,  G  (J/m2) 

Fig.  3:  Suboritical  c-*ck  growth  rates  versus  driving  force  for  SIO;/Cu  interfkces,  (a) 
exhibit!  data  for  tests  in  ambient  air  (S0V«  R,H)  from  four  samples,  including  those 
mown  in  (b)-(d).  In  each  of  (b)-(d)  the  data  are  from  only  a  tingle  ipeolmen;  for  each, 
part  of  the  test  waa  in  ambient  air  and  part  waa  in  a  different  liquid,  respectively  water, 
N-methylformamide,  and  n-butanol  Alio  note  that  in  (b)  aome  of  the  data  were  taken 
in  dry  Nj, 


'Water:  A  comparison  of  the  water  teat  reaulta  with  thoae  for  ambient  air  and  dry  nitrogen  are 
shown  in  Fig,  3b,  where  the  air  curve  is  extrapolated  by  overlaying  the  cross-hatched  region 
(the  bound  of  all  air  data)  shown  in  Fig,  3a,  The  plot  ihowa  that  water  greatly  enhances  crack 
growth  relative  to  that  in  moist  air,  a  much  greater  increase  than  is  seen  for  glus  [6],  This 
increase  may  be  due  to  the  deterioration  of  the  corrosion  product  film  at  the  crack  tip  by  the 
watet, 

The  plateau  region  for  the  water  teat  appears  at  a  much  higher  crack  veioclty  than 
observed  for  moist  air.  In  this  case,  the  plateau  li  not  caused  by  transport  limitations  due  to 
the  diffusion  of  the  reacting  species  to  the  crack  tip  as  for  gaseous  species  but  rather  to  viscous 
drag  effects  u  discussed  previously, 

N-Methylformamide:  Tests  conducted  in  an  N-methylformamide  environment  show  that  it 
also  actively  causes  stress  corrosion  cracking  for  glass-copper  interfaces  (Fig.  3o).  Comparing 
the  results  to  those  for  moist  air  shows  that  the  accelerating  effects  are  comparable  except  »t 
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high  crack  velocities  where  the  tbrmamirie  is  more  aggressive.  The  details  of  the  curve  are 
unfortunately  hidden  in  the  scatter  of  the  data,  but  there  seems  to  be  a  lack  of  a  plateau  region 
within  the  range  of  measured  crack  growth  velocities. 

Butanol:  It  was  found  that  an  n-butanol  environment  also  causes  stress  corrosion  crack 
growth  at  glass-Cu  interfaces  (Fig,  3d),  Again  the  rates  in  Region  I  are  more  like  those 
induced  witnin  H20  vapor  than  liquid.  Thereis  a  suggestion  of  a  high  velocity  plateau  regime, 
but  it  is  much  less  pronounced  than  that  seen  with  liquid  water, 


DISCUSSION 

Results  presented  in  Fig.  3  are  consistent  with  the  situation  hypothesized  in  Fig.  1. 
Although  not  studied  in  detail  here,  the  behavior  in  all  etivlronmenta  suggests  threshola-like 
behavior  obtains  at  relatively  high  crack  velocities  compared  with  fracture  of  bulk  glass,  and  at 
0,1  to  0,5  of  Or,  depending  upon  the  environment,  The  transition  fVom  threshold  to  Region  I 
may  be  determined  by  a  mutual  competition  between  the  rate  of  chemical  reaction,  which 
promotes  crack  extension,  and  the  rate  of  corrosion  product  formation,  which  hlndera  it, 

For  both  the  vapor  and  liquid  H,0  environments,  the  orack  growth  curves  clearly  exhibit 
Region  I  type  behavior,  within  which  crack  growth  Is  controlled  by  the  kinetics  of  a  stress- 
dependent  chemical  reaction.  Using  Eqn,  (l),  the  sctlvation  area  for  the  reaction  can  be 
determined  from  the  slope  of  the  log  v-G  curves;  this  yields  .4  ■  0,15  nm2  and  0.12  nm2  for  the 
glari-Cu  interfaces  tested  in  moist  air  and  in  liquid  water,  respectively.  For  fracture  within  the 
two  organic  liquids,  the  activation  arena  are  similar,  By  comparison,  A  -  0,01-0,02  nm2  for 
typical  data  for  glass  in  H30  containing  environments,  e,g„  from  reft,  [6,7],  The  latter  values 
imply  an  activation  step  involving  rupture  of  a  single  atomic  bond,  Tlte  former  values  remain 
to  be  explained,  but  are  still  plausible  for  a  local  chemical  reaction.  Complete  explanation  must 
address  the  role  of  the  residual  interface  impurities  as  well  as  that  of  the  atmospheric  species. 

For  tests  in  liquid  water,  a  well  defined  plateau  it  evident  at  much  higher  velocities  than 
for  the  vapor  cue,  For  the  liquid  cue,  the  plateau,  at  velocities  of  -1-3  x  10-J  m/s,  refleots 
viscous  drag  control,  However,  the  plateau  velocities  reported  for  bulk  glua  In  water  ere 
about  10  times  higher  [16],  consistent  with  the  extent  of  other  Region  I  data  for  giais  [6.9], 
The  discrepancy  likely  results  because  the  glass  tests  were  performed  on  samples  with  a 
thickneai  of  a  few  millimeters  whereas  these  Interface  samples  are  2$  mm  thick,  Thus,  the 
pleteau  in  many  other  teata  mt*y  be  controlled  by  fluid  flow  from  the  sample  aides,  (parallel  to 
tile  crack  front)  and  so  occurs  at  higher  velocity  than  here, 

For  the  n-butanol  and  especially  the  N-methylfbrmsmide,  no  plateau  behavior  was  clearly 
evident.  The  lack  of  a  plateau  at  low  velocities  and  the  accelerated  cracking  in  the  velocity 
range  studied  combine  to  confirm  that  both  species  promote  corrosive  cracking.  However, 
both  liquids  are  more  viacoua  than  water,  ai  inown  in  Table  I  [18.19],  Thus,  Region  II  type 
behavior  similar  to  that  seen  so  dearly  in  liuuid  water  is  expected,  but  at  velocities  reduced  by 
the  viscosity  ratio,  i.e.,  factors  of  2-3,  Although  the  absence  of  well  defined  plateaus  could 
merely  reflect  scatter  in  the  data,  it  may  Instead  represent  a  rapid  onsat  of  cavitation  near  the 
craok  tip.  From  Eqn,  (4),  the  critical  velocity  is  proportional  to  the  ratio  of  surface  teniion  to 


TABLE  I 


LIQUID 

SURFACE 

TENSION 

7(mN/m) 

VISCOSITY 

TJ  (Pu  s) 

RATIO 

Y/ 

A 

(m/s) 

Water 

73 

t.OxlO3 

73 

N-Methylformamldc 

38 

1.7x10  3 

23 

n-Butanol 

25 

2.9xl0-3 

8,3 
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viscosity  for  the  liquid,  i.e.,  vcav  oc  y/ij.  It  also  depends  on  details  of  the  crack-tip  geometry, 
which  should  be  similar  among  the  present  tests,  the  values  of  y/tj,  listed  in  Table  I,  indicate 
that  near-tip  cavitation  should  occur  at  as  much  as  an  order  of  magnitude  lower  velocity  for 
these  organic  fluids  than  foi  liquid  H20,  Thus,  although  confirming  experiments  are  needed,  it 
is  considered  likely  that  the  absence  of  a  well  defined  plateau  for  crack  growth  within  these 
two  liquids  results  because  near-tip  cavitation  occurs  at  velocities  just  above  those  for  which 
viscous  drag  becomes  appreciable, 

Steric  hindrances  are  considered  to  play  a  major  role  In  determining  which  environments 
cause  stress  corrosion  for  glass  [17],  Thus,  N-methylformamlde  and  n-butanol  were  studied 
here  because  they  are,  respectively,  amongst  the  largest  molecules  that  are  active  and  the 
smallest  that  are  inactive  in  promoting  stress  corrosion  cracking  In  glass  [12,17],  As  both  are 
active  for  glass-Cu  interfaces,  it  is  suggested  that  the  limited  plastic  deformation  at  the  crack 
tip  Is  sufficient  to  expose  the  critical  atomic  bond  at  the  Interface  to  a  larger  reacting  molecule 
during  cr.'ck  extension.  The  issue  is  shown  schematically  in  Fig,  4  where  crack  profiles  are 
compared  for  the  maximum  sustainable  loads,  i.e,,  at  Gc  and  at  apparent  threshold  conditions, 
G™,  These  are  based  upon  continuum  calculations  using  purely  elastic  behavior  for  the  glass, 
and  supposing  crack  blunting  leads  to  a  crack-tip  opening  displacement  given  by  CTOD  - 
2 (i/ay  (where  cm  is  the  yield  stress)  for  the  Cu  side  of  an  Interface  crack  [20],  Clearly,  only 
angstrom  sized  molecules  can  access  the  tips  of  cracks  in  glass  at  threshold  conditions, 
whereas  molecules  several  times  bigger  may  possibly  be  aggressive  for  the  glass-Cu  interfaces, 
However,  it  should  be  recalled  that  these  profiles  refleet  tne  dimensions  of  the  load  bearing 
material;  some  adsorbate  or  other  reaction  products  may  reduce  the  access  relative  to  that  in 
the  schematic. 
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Fig.  4:  Calculated  crack  profiles  for  loading  at  Ge,  the  maximum  possible  force,  and  at 
Gy//,  the  threshold  force  for  glut  (auuming  purely  elastic  continuum  behavior)  and 
for  giasa/Cu  (assuming  continuum  plastio  and  elutic  behavior  in  the  Cu  and  glass, 
respectively). 


The  enhanced  crack-growth  ratea  in  aqueoua  and  organic  liquids  hu  adverie  implication! 
for  devices.  The  high  residual  stresses  typically  near  most  ceramic-metal  interfaces  could  drive 
appreciable  crack  growth  upon  even  brief  exposure  of  unloaded  pieces  to  aggressive 
environments,  The  resultant  damage  could  critically  depend  upon  the  level  of  the  high  velocity 
plateau,  Clearly,  owing  to  the  geometry  dependence  indicated  for  Region  II,  fUrthcr  analysis 
of  this  issue  for  small  craoks  that  would  typify  devices  ia  needed. 

CONCLUSIONS 

Subcritlcal  crack  growth  along  glass-copper  interfaces  is  markedly  accelerated  by  water, 
alcohol  and  amidci,  Relative  to  glau,  the  presence  of  the  metal  alters  the  type  of  corrosion 
products  formed  and  Introduces  plasticity  that  Increases  the  CTODs, 
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Crack  growth  is  strongly  enhanced  in  moist  air,  and  in  the  presence  of  liquid  water  is  even 
more  rapid.  This  greater  enhancement  in  liquid  is  contrary  to  experience  with  cracking  in  bulk 
glass.  It  may  be  due  to  the  deterioration  of  the  corrosion  product  film  at  the  crack  tip  by  the 
water,  either  by  making  it  more  permeable  or  by  carrying  away  some  of  the  corrosion  products 
and  increasing  access  to  the  crack  front. 

Both  N-meihylformamide  and  n-butanol  can  cause  stress  corrosion  cracking  along  glass- 
copper  interfaces.  Although  n-butanol  has  too  large  a  molecular  size  to  reach  the  crack  tip  in 
bulk  glass,  the  larger  CTOD  due  to  plasticity  in  the  metal  apparently  allows  it  to  be  reactive  for 
glass-copper  interlaces.  Thus,  it  is  anticipated  that  many  alcohols  and  amides  should  promote 
stress  corrosion  cracking  of  such  glass-metal  interfaces. 

Mechanistic  studies,  still  in  progress,  suggest  that  fracture  is  controlled  by  mechanisms 
similar  to  those  that  govern  the  stress  corrosion  in  glass,  Four  distinct  regions  of  behavior  in 
glass-copper  interfiles  appear  to  occur  for  both  liquid  and  vapor  environments  to  varying 
degrees.  Region  I  is  controlled  by  as  yet  unidentified,  highly  stress-dependent  chemical 
reactions  at  the  crack  tip.  Region  II  is  only  mildly  dependent  on  the  applied  stiess  intensity. 
Where  it  is  controlled  by  diffusive  transport  of  reacting  species  to  the  crack  tip  for  gaseous 
environments,  it  is  very  pronounced  in  extent,  In  contrast,  it  may  result  from  viscous  drag  in 
stress  corrosive  liquids,  but  then  seems  often  to  be  limited  in  extent  by  cavitation  near  the 
crack-tip,  The  environmentally  insensitive  Region  III  appears  to  be  thermally  activated.  The 
threshold  region,  which  is  rarely  observed  for  glass,  Is  very  apparent  for  glass-oopper  interfaces 
and  occurs  at  much  higher  crack  velocities;  It  likely  involves  the  more  extensive  corrosion 
products  formed  fiom  the  metal. 
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abstract: 

In  the  past  several  years  there  has  been  an  explosive  growth  in  the  use  of 
microwave  energy  for  the  processing  of  a  host  of  materials,  Microwave  energy  provides 
rapid  internal  heating  which  results  in  an  overall  reduction  in  the  processing  time.  The 
important  features  of  microwave  processing  are  described,  as  well  as  several  applications. 

Microwave  energy  has  been  used  by  a  few  groups  for  the  joining  of  alumina, 
mullite,  silicon  nitride  and  silicon  carbide.  The  work  performed  by  these  groups  will  be 
reviewed.  Typically,  ill  single  mode  microwave  applicator  has  been  used  to  join  ceramics 
at  temperatures  ranging  between  1250“C  •  180G°C.  Microwave  joining  of  ceramics  was 
achieved  in  u  mutter  of  minutes,  in  contrast  to  hours  reported  by  conventional  methods. 
The  strength  of  the  Joints  *.  s  equal  to  or  greater  than  the  as-received  materials.  Joining 
of  specimens  of  sintoir'i  xillci  n  carbide  (Hcxoloy™)  using  interlayers,  and  direct  joining 
of  reaction  bonded  s1,  ,o  a  carbide  (RBSC)  to  itself  and  Hexoloy™  has  been 
accomplished  recently.  Both  single  mode  and  multimode  microwave  applicators  were 
used  and  iurger  specimens  of  RBSC  having  complex  shapes  were  joined  using  hybrid 
heating.  The  paper  describes  microwave  joining  apparatus,  techniques  and  results. 


INTRODUCTION 

The  use  of  microwave  energy  for  industrial  applications  is  not  new.  In  the  past 
microwave  applications  have  been  mainly  confined  to  communications.  Other  uses  of 
microwave  power  include  medical  and  biological  applications,  as  well  as  heating. 
Heating  applications  exist  in  the  consumer,  commercial,  industrial  and  scientific  areas. 
The  most  common  application  is  heating  foot!  in  consumer  microwuve  ovens. 

A  comprehensive  historical  review  of  microwave  heating  is  given  by  Osepchuk  [1], 
There  is  little  evidence  of  RF  heating,  and  even  less  of  microwave  heating,  before  the 
Second  World  War.  However,  the  patent  literature  includes  some  references  to  using 
microwuve  energy  to  uffect  materials  properties  for  industrial  purposes.  In  particular, 
Kassner  (having  patents  on  a  spark-gap  microwave  generator)  believed  that  it  is  possible 
to  achieve  useful  changes  in  molecular  state,  and  hence  the  chemistry  of  materials, 
without  heating  [1]. 

During  the  Second  World  War,  there  were  efforts  to  measure  dielectric  properties 
of  various  materials.  This  work  wus  done  us  a  necessary  task  in  the  development  of  the 
radar,  telephone  and  communication  systems.  The  work  begun  under  Von  Hippel  at  the 
MIT  Laboratory  for  Insulation  Research  and  the  relevant  lectures  given  by  experts  in 
this  area  appeared  us  a  book  "Dielectric  Materials  and  Applications"  [2],  This  work 
provides  the  foundation  for  all  future  efforts  in  radio  frequency  and  microwave  heating. 


Industrial  Misname  Healing  Applications 

Microwuve  processing,  which  until  recently  dealt  principally  with  food  processing 
[3],  Is  now  expanding  drastically  to  include  almost  alt  materials.  The  interest  in  this 
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emerging  technology  has  given  rise  to  a  number  of  symposia  on  the  use  of  microwave 
energy  as  applied  to  materials  processing.  The  symposia  are  organized  on  alternate  years 
by  the  Materials  Research  Society  and  the  American  Ceramic  Society,  with  the  first  one 
held  by  MRS  only  recently  in  1988.  Numerous  interesting  applications  of  microwave 
energy  have  been  presented  at  these  meetings  [4-7].  Applications  of  microwave  energy 
currently  being  explored  arc  growing  substantially  to  encounter  almost  all  materials. 
Some  of  them  are  briefly  described  below. 

In  the  food  industry  microwave  energy  is  utilized  for  numerous  processes  Including 
tempering  of  frozen  foods,  pasta  drying,  poultry  processing,  potato  processing,  baking, 
cocoa  bean  roasting  and  sterilization  of  food  [3]. 

In  the  polvmer  industry  microwave  energy  is  used  for  curing  rubber  tires  and 
bonding  of  composites,  thermosets  and  thermoplastics.  A  recent  overview  of  the 
microwave  processing  of  polymers  appears  in  the  MRS  Proceedings  Vol,  269  [8], 

Medical  applications  Include  both  treatment  and  diagnostic  techniques.  Medical 
treatment  deals  with  hyperthermia  (deliberate  elevation  of  body  temperature)  to  produce 
beneficial  effects  such  as  killing  cancerous  tumors,  The  medical  diagnostics  area 
includes  measuring  the  changes  in  lung  water  content,  blood  flow  measurements  and 
microwave  imaging  [9], 

In  another  application,  an  apparatus  and  process  has  been  developed  which 
facilitates  the  exposure  of  all  external  surfaces  to  microwave  radiation  and  accomplishes 
sterilization  in  as  little  as  30  seconds  to  8  minutes.  The  standard  2.45  GHz  microwave 
irradiation  achieved  sterilization  of  dental  instruments,  artificial  dentures,  anesthesia 
nasal  hoods  and  hydrophilic  contact  lenses  contaminated  with  a  variety  of  bacteria, 
fungal  and  viral  pathogens  [10]. 

In  the  electronic  industry  Superwave  Technology  (Santa  Clara,  CA)  is  pioneering 
microwave  heating  in  the  electronics  industry.  The  Supertherm  line  of  automated  ovens 
Is  designed  for  a  variety  of  thermal  processes  which  Include  curing  wafer  coatings,  drying 
and  reflowing  solder,  and  fusing  laminated  printed  circuits  [11]. 

For  mineral  processing  the  U.S.  Bureau  of  Mines  is  looking  Into  meuns  to  reduce 
energy  for  grinding  (5n  to  70%  of  the  total  energy  used)  of  minerals.  The  Bureau  has 
demonstrated  that  many  minerals  absorb  microwaves  and  are  rapidly  heated,  thereby 
inducing  thermal  stress  cracking  and  improving  the  grindability  [12]. 

Waste  treatment  and  disposal  of  radioactive  us  well  us  municipal  v'aste  has  been 
investigated  using  microwave  energy.  The  Living  Environmental  Sysiems  Research 
Laboratory,  Matsushita  Company  of  Japan,  has  developed  a  burning  processor  in  which 
the  waste  material  is  dried  and  decomposed  into  gas  by  means  of  microwave  energy. 
The  gas  generated  is  burned  in  a  sanitary  way,  leaving  only  a  small  amount  of  ash  [13]. 
Similar  processes  are  under  investigation  for  the  treatment  and  disposal  of  radioactive 
waste  [14,  15]. 

Ceramic  processing  technology  Is  still  in  an  early  stage  of  development. 
Microwave  energy  is  being  explored  to  process  a  wide  variety  of  ceramics.  An  excellent 
summary  of  almost  all  the  applications  In  the  area  of  microwave  processing  of  ceramics 
is  presented  by  Sutton  [16].  These  Include,  but  are  not  limited  to  ceramic  drying - 
particularly  effective  In  removing  water  from  thick  ceramic  bodies;  binder  burnout - 
removal  of  polymers  used  in  the  ceramic  forming  process:  sintering  of  numerous  ceramics 
and  compn: including  ferrites,  boron  carbide,  titanium  boride,  partially  stabilized 
zirconla,  and  composites  such  as  Al203/SiC,  Al203i/TiC,  ZrOj/SiC,  Zr02/Si3N4  and 
AIA/SI3N4;  processing  and  sintering  of  PZT  and  PLZT- with  high  density,  small  grain 
size  and  improved  piezoelectric  properties;  orocesslnf  oi  superconducting  ceramics - 
microwave  processed  samples  exhibiting  more  diamagnetism  than  conventionally 
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processed  samples:  combustion  synthesis  of  ceramics  and  compoito-internal  ignition  of 
combustible  mixtures  and  controlled  combustion  wave  propagation;  surface  modification 
of  yltmes- to  strengthen  the  surface  by  ion  exchange;  and  joining  of  ceramics. 


Important  features  of  microwave  processing  of  ceramics 

Researchers  have  recognized  in  various  applications  that  microwave  heating, 
because  of  the  rapid  processing  cycle,  provides  a  powerful  new  tool  and  energy  source. 
Besides  the  savings  in  energy  and  coat,  a  major  reason  for  this  substantial  interest  is  the 
importance  of  processing-mlcrostructure-propertieS  relationships.  One  of  the  principal 
advantages  is  the  novel  rapid  Internal  heating  pattern,  which  results  in  a  unique 
microstructure  that  can  provide  superior  product  quality  [17,18]. 

The  use  of  microwave  energy  In  the  ceramic  industry  provides  a  fundamental 
change  In  the  basic  heating  process.  The  penetrating  action  of  the  microwave  energy 
Into  the  material  results  in  the  internal  and  uniform  heating  of  large  masses  in  relatively 
short  periods  of  time.  Generally  the  Internal  heating  results  In  an  inverse  temperature 
gradient,  which  significantly  reduces  the  thermal  stresses  that  may  cause  cracking  during 
the  processing  of  large  volumes,  In  contrast,  conventional  heating  starts  from  the  surface 
of  the  body  and  Is  completely  dependent  on  the  heat  transfer  characteristics  of  the 
material. 

Another  Important  uspect  is  that  different  constituents  (us  well  as  phases)  absorb 
microwaves  at  different  rates.  The  possibility  of  controlled  selective  heating  has 
promising  implications  for  Improving  the  properties  of  ceramics,  especially  In  the  area 
of  composites,  Generally,  dielectric  materials  become  more  receptive  to  microwave 
energy  with  Increasing  temperature,  and  as  a  consequence  absorb  greater  amounts  of 
energy  as  the  temperature  increases.  A  typical  example  of  this  type  of  response  is  given 
in  Figure  1.  The  critical  temperature  Tc  gives  an  approximate  indication  of  the  point  at 
which  the  loss  tangent  increases  significantly, 


Temperature  (*C) 
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Figure  1,  Qualitative  representation  of  the  loss  tangent  (8  to  10  GHz)  as 
a  function  of  temperature  [19], 

(Reprinted  by  permission  of  the  American  Ceramic  Society) 
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Coupling  ugentii  can  be  added  to  materials  that  cannot  be  efficiently  heated  with 
5  microwave  energy.  The  coupling  agent  preheats  the  entire  sample,  which  at  higher 

£  temperature  starts  to  coupiv  with  microwave  radiation,  A  common  example  is  that  of 

'  the  SIC  whiskers  in  a  low  loss  alumina  matrix,  SiC  is  an  excellent  absorber  of  microwave 

energy,  which  can  heat  the  entire  composite  sample,  making  sintering  of  the  composite 
f  possible. 

I  Alternatively,  the  sample  may  be  preheated  to  temperatures  where  It  efficiently 

'/  couples  with  microwave  energy.  This  can  be  conveniently  achieved  by  placing  the 

sample  inside  u  susceptor  (low  loss  insulation  lined  on  the  inside  with  high  loss  material 
such  us  silicon  carbide).  The  heat  generated  in  the  silicon  carbide  is  retained  within  the 
insulation,  which  preheats  the  sample  to  above  Its  critical  temperature  where  microwave 
?  losses  become  substantial,  Tills  Is  referred  to  as  "Microwave  Hybrid  Heating."  Usually 

with  microwave  heating  alone  there  is  an  inverse  temperature  gradient,  with  higher 
temperatures  in  the  interior  of  the  sample  and  lower  temperature  on  the  surface  because 
of  the  energy  radiated  from  the  surface,  Microwave  hybrid  heating,  In  addition  to 
;  preheating  the  low  loss  materials,  provides  an  external  heat  source  and  compensates  for 

■  radiation  losses  from  the  surface.  Microwave  heating  is  generally  much  faster  than 

j  conventional  heating,  However,  for  low  loss  materials,  heating  rapidly  with  microwave 

j  energy  alone  (without  a  susceptor)  may  be  difficult.  This  problem  can  be  overcome  with 

hybrid  heating.  Heating  rates  of  750°C  per  minute  have  been  reported  by  microwave 
J  hybrid  heating.  The  sintering  of  alumina  with  this  method  resulted  in  fine  and  uniform 

microstructures  (17,18). 


MICROWAVE  JOINING  OK  CERAMICS 

One  of  the  important  aspects  of  mlcrowuve  processing  Is  the  joining  of  ceramics, 
which  Is  imperative  to  the  widespread  commercial  use  of  these  advanced  materials.  The 
high-temperature,  corrosion-  und  wear-resistant  ceramics  need  to  be  joined  to  metuls  to 
allow  their  use  In  severe  environments.  Ceramics  can  also  be  joined  to  ceramics  to  form 
complex  shapes  required  In  Industrial  applications,  which  will  eliminate  the  costly 
machining  of  these  hard  materials. 

The  novel  use  of  mlcrowuve  energy  for  joining  of  ceramics  allows  rapid  and 
preferential  heating  throughout  the  joint  interface,  which  makes  it  a  viable  and  efficient 
method  of  joining  ceramics.  Microwaves  can  penetrate  the  material  to  rapidly  provide 
the  heat  necessary  to  join  ceramics.  Conventional  processes,  on  the  other  hand,  heat  the 
surface  of  the  specimen  and  roly  on  thermal  conduction  to  join  ceramics.  Scaling  of 
ceramics  using  microwave  energy  was  first  accomplished  by  Meek  and  Blake  [20). 
Alumina  substrates  were  sealed  using  glass  as  the  Interlayor  material.  Direct  microwave 
joining  of  ceramics  was  reported  by  two  groups.  One  of  the  groups  was  at  Toyota 
Central  R&D  Laboratories  in  Japan,  where  a  6  GHz  klystron  power  amplifier  was  used 
us  the  power  source,  A  directional  coupler  was  used  to  sample  the  power  reflected  from 
the  cavity.  The  outputs  from  a  pyrometer  monitoring  the  surface  temperature  and  the 
directional  coupler  were  directed  to  a  control  system  that  automatically  changed  the  iris 
dimension  and  tuned  the  cavity  by  adjusting  the  plunger.  The  feedback  system  was 
designed  specifically  to  control  the  thermal  runaway  that  may  result  from  the  rapid 
Increase  of  dielectric  loss  with  increasing  temperature,  which  can  cause  local  melting  in 
the  specimen,  The  sample  was  mounted  transverse  to  the  electric  field  and  was  slowly 
rotated  to  allow  uniformity  In  heating.  The  system  was  equipped  with  a  compressor  and 
had  the  provision  for  flowing  a  gas  during  the  joining  process  [21). 
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The  other  group  was  originally  at  QuesTech  Inc.  in  McLean,  VA.  The  apparatus 
(now  with  Technology  Assessment  &  Transfer/George  Mason  University)  has  a  2.4S 
GHz  magnetron  as  the  power  source.  Microwaves  are  directed  through  standard 
waveguides  to  a  microwave  reflection  bridge  composed  of  a  ferrite  circulator,  which 
sends  any  power  reflected  from  the  cavity  to  a  voltage  sampling  probe  and  power  head 
for  measurement.  An  identical  combination  of  voltage  sampling  probe  and  power  head 
samples  the  power  incident  on  the  cavity.  The  difference  of  these  two  power 
measurements  allows  determination  of  the  power  available  for  ceramic  joining.  The 
surface  temperature  of  the  sample  is  monitored  by  a  pyrometer  and  a  hydraulic 
compressor  applies  pressure  on  the  ceramic  specimens  to  be  joined.  Figure  2  shows  the 
block  diagram  of  this  single  mode  microwave  joining  apparatus.  Provision  was  made  to 
alter  the  environment  of  the  sample  either  by  evacuating  the  cavity  or  by  filling  the 
cavity  with  an  appropriate  gas.  An  Important  feature  of  this  system  is  the  acoustic  probe 
which  allows  In-situ  non-destructive  evaluation  (NDE)  of  the  joint.  Tills  system  consists 
of  an  acoustic  transducer  embedded  in  a  stainless  steel  acoustic  lens  that  forms  the 
bottom  unvll  of  the  compressor,  The  transducer  is  connected  to  a  transceiver  that 
transmits  acoustic  pulses  und  receives  acoustic  echoes.  The  echoes  ure  displayed  on  an 
oscilloscope,  und  the  echo  from  the  joint  interface  is  identified  from  a  knowledge  of  the 
speed  of  sound  in  the  material.  The  oscilloscope  display  is  then  adjusted  to  enhance  this 
echo,  which  is  monitored  continuously  throughout  the  joining  process.  When  a  joint  is 
formed,  the  echo  front  the  joint  interface  disappears,  and  a  new  echo  from  the  far  end 
of  the  sample  appears  on  the  right  of  the  oscilloscope  [22], 


Figure  2.  Block  diagram  of  the  single  mode  microwave  joining  apparatus. 
(Reprinted  by  permission  of  the  Ameriettn  Ceramic  Society) 
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The  ceramic  materials  joined  by  these  two  groups  include  alumina,  mullite  and 
silicon  nitride.  Typical  microwave  joining  times  were  in  minutes  as  opposed  to  hours  by 
conventional  joining,  The  joints  exhibited  greater  strength  than  the  as-received  materials 
and  did  not  fail  at  or  near  the  joint.  The  joints  were  not  detectable  in  microscopic 
observations  and  the  microscopic  homogeneity  in  the  vicinity  of  the  joints  was  retained. 
There  was  little  difference  in  the  microstructure  before  and  after  joining.  These  results 
clearly  Indicate  that  engineering  quality  joints  of  both  oxide  and  non-oxide  ceramics  can 
be  made  in  very  short  times  using  modest  microwave  power  and  compression  with  very 
little  surface  preparation.  The  increased  hardness  and  fracture  toughness  implies 
increased  densiflcation  at  the  interface  which  suggests  the  diffusion-bonding  mechanism 
as  observed  in  conventional  heating  of  ceramics. 

Joining  of  alumina  substrates  using  AlOOH  gel  as  the  interlayer  was  reported  by 
Al-Assafi  and  coworkers[23].  AlOOH  gel  was  brushed  on  both  surfaces  before  joining. 
The  specimens  that  had  gel  as  the  interlayer,  and  were  microwave  heated  at  1520°C  for 
a  soak  time  of  10  minutes  under  a  pressure  of  0.6  MPa,  exhibited  good  joining.  The 
specimens  without  any  gel  did  not  join  under  Identical  conditions.  However,  joining  was 
achieved  in  both  cases,  with  and  without  gel,  when  the  samples  were  heated  to 
temperatures  of  1600°C  and  1650°C, 

Yu  et  ul.  reported  simultaneous  sintering  and  joining  of  alumina  specimens  [24]. 
The  specimens  joined  were  pellets  of  alumina  dry  pressed  at  2800  MPa.  A  slip 
interlayer  of  the  same  materiui  was  used  to  conform  to  the  asperities  under  isostatlc 
pressure  of  150  MPa.  The  whole  body  was  prefired  at  600°C  for  two  hours  before 
microwave  heuting/jolnlng  at  1400°C  for  14  minutes  at  0,283MPu  pressure.  Some 
defects  were  identified  ut  the  joining  Interface,  but  the  dimensions  of  these  defects  were 
similar  to  those  in  the  sintered  bulk  material.  With  conventional  heating  at  the  sume 
temperature  and  pressure  for  2  hours,  the  low  density  Interface  was  clearly  visible. 


,Sinteredjilkun..citrblds  .(JSSiC).,gnd.r,aiiiitian..hQiidail,iillii:Qii  carbide  (RBSQ 

The  combination  of  high  thermal  conductivity,  excellent  thermal  shock  resistance 
and  corrosion  resistance  makes  silicon  carbide  (SIC)  an  excellent  candidate  material  for 
a  number  of  applications.  These  Include  structural  materials  for  advanced  heat  engines, 
heut  exchanger  tubing,  radiant  burner  tubes  and  pump  components.  The  use  of  this 
material  has  been  limited  by  the  difficulty  und  cost  of  manufacturing  components  of 
complex  shupes. 

Sintering  und  joining  of  a  SiC  body  is  a  difficult  process.  So  fur,  It  has  not  been 
possible  to  sinter  SiC  to  high  densities  without  additives  and/or  external  pressure.  Small 
additions  of  boron  and  carbon  huve  been  shown  [25]  to  result  in  high  densities  without 
the  application  of  external  pressure,  This  development  has  allowed  the  fabrication  of 
some  components  of  SiC. 

These  difficulties  in  forming  und  sintering  complex  shapes  of  an  excellent  ceramic 
muterlul  necessitate  development  of  Inexpensive  and  reliable  meihods  to  join  ceramics, 
so  that  complex  components  could  be  fabricated  from  smuller  und  simpler  shapes,  which 
would  be  eusier  to  reliably  munufucture,  One  of  the  novel  methods  Involves  infiltration 
of  a  SiC  preform  (having  excess  carbon)  by  molten  silicon  at  high  temperatures.  The 
resultant  materiui,  "reuctlon  bonded  silicon  carbide,”  (RBSC)  Is  a  nearly  fully  dense 
ceramic  with  up  to  15  volume  percent  of  free  silicon.  The  residual  silicon  Is  distributed 
ut  the  boundaries  between  the  SiC  grains. 
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j  Joining  of  reaction  bonded  silicon  carbide  (RBSC1 

Joining  of  reaction  bonded  silicon  carbide  by  u  conventional  heating  method  was 
1  reported  by  Iseki  [26],  with  aluminum  metal  as  the  interlayer,  No  reaction  layer  was 

detected  in  the  micrograph  of  the  region  near  the  reaction  bonded  SIC-A1  interface. 
)  Aluminum  and  silicon  in  the  reaction  bonded  SiC  formed  a  continuous  liquid  phase  at 

high  temperature;  therefore  aluminum  penetrated  Into  the  reaction  bonded  silicon 
t  curbide.  However,  some  cracks  were  found  at  the  front  of  the  aluminum-penetrated 

j  region.  These  cracks  are  believed  to  be  formed  because  of  the  difference  in  thermal 

S  expansion  of  aluminum,  SiC  and  silicon. 

;  Microwave  joining  of  reaction  bonded  silicon  carbide  with  aluminum  us  the 

:  interluyer  was  reported  by  Ylin  et  al.  [27].  A  single  mode  resonant  cavity  was  used  to 

heut  and  join  reuction  bonded  silicon  carbide,  The  joined  specimen  was  reported  to  be 
!'  stronger  than  the  as-received  material,  similar  to  the  earlier  microwave  Joints  in  oxides 

(  and  nitrides.  A  similar  penetration  of  aluminum  into  Si  regions  between  the  SiC  grains 

as  noted  ubove  was  reported. 


EXPERIMENTAL  RESULTS 

Experiments  have  been  carried  out  for  joining  of  SSlc  and  RBSC,  both  in  a  single 
mode  resonant  cavity  (as  indicated  In  Figure  2),  as  well  as  in  a  multimode  microwave 
oven  with  hybrid  heating.  Microwave  joining  of  SIC  (Carborundum  Hexoloy™),  was 
performed  on  specimens  0.9  cm  in  diameter  and  0.6  cm  height,  as  cut  with  u  watering 
saw  with  no  polishing.  Since  direct  joining  of  SSlc  is  difficult,  two  different  avenues 
using  interlayer  materluls  were  followed  [28].  The  first  is  essentlully  a  metallic  bruze 
Joint  using  SI  us  the  Interluyer  material.  The  second  attempts  to  form  a  SIC  or  SiC/TIC 
composite  through  combustion  synthesis  using  blended  powders  of  Si,  C  and  Tl.  The  SiC 
specimens  and  the  Interlayer  muterial  were  held  in  place  in  the  single  mode  applicuior 
described  ubove  by  two  alumina  rods  under  a  pressure  of  2-5  MPa  provided  by  u 
hydraulic  press.  The  microwave  power  was  turned  on  and  the  movable  plunger  adjusted 
to  minimize  the  reflected  power, 

A  series  of  joints  was  made  using  Si  (powder  or  slurry)  as  the  interlayer  material. 
Typically,  the  joining  temperature  was  close  to  145(FC  for  5-10  minutes  with  applied 
power  around  250  watts.  Figure  3  shows  the  SEM  micrograph  of  the  sectioned  joined 
specimen,  with  a  homogeneous  but  fairly  thick  Si  Interlayer  (almost  50  microns  when 
used  us  powder).  Joining  was  also  achieved  using  the  combustion  synthesis  of  SiC/TiC 
as  the  interlayer.  This  technique  resulted  in  a  thick  interlayer  (around  300  microns)  with 
significant  porosity  (inherent  in  these  reactions).  The  best  results  were  obtained  by 
plasma  spraying  a  Si  luyei  on  one  of  the  specimens  to  be  joined.  This  joint  was  made 
using  a  6  Kw  power  supply  and  a  61x61  cm  squure  multimode  cavity.  The  specimen  was 
pluced  inside  zirconia  insulation  and  no  external  pressure  was  applied.  The  interluyer 
region  was  less  than  5  microns  in  width  and  no  variation  In  Knoop  hardness  across  the 
joint  was  observed. 

As  described  above  [26,27]  RBSC  could  be  joined  using  aluminum  as  the 
Interlayer  both  by  microwave  as  well  as  conventional  joining,  Our  experiments 
demonstrated  microwave  joining  of  sintered  SiC  using  silicon  as  the  Interlayer  material, 
Furthermore  microwave  heating  has  been  observed  to  result  in  enhanced  diffusion  and 
reaction  rates.  In  light  of  these  results  it  is  evident  that  microwave  heating  should,  In 
principle,  eliminate  the  need  of  using  any  interlayer  material  to  join  RBSC.  The 
presence  of  silicon  at  the  grain  boundaries  of  silicon  carbide  grains,  and  the  enhanced 


mass  transport  of  silicon  across  the  interface  (the  preferential  heating  area  in  microwave 
heating)  would  result  in  a  diffusion  bonding  of  the  pieces  to  be  joined, 

This  would  avoid  problems  caused  by  the  mismatch  of  thermal  expansion  coefficient. 
With  this  rationale,  experiments  were  curried  out  for  microwave  joining  of  RBSC 
specimens.  Joining  of  these  specimens  without  an  interlayer  was  indeed  successful  using 
both  the  single  mode  cavity  and  microwave  hybrid  heating. 
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Figure  3.  SEM  micrograph  of  u  sectioned  joint  showing  a  fairly  thick 

interlayer  of  SI ,  (Reprinted  by  permission  of  the  American  Ceramic  Society) 

Direct  joining  of  RBSC  specimens  of  0.9  cm  diameter  and  0.5  cm  height  were 
performed  in  the  single  mode  applicator  described  earlier.  The  specimens  were  enclosed 
in  alumina  insulation  (with  a  viewing  hole  to  monitor  temperature)  and  pluced  at  the 
maximum  electric  field  position  In  the  cavity.  Microwave  power  was  coupled  to  the 
specimen  by  adjusting  u  plunger  und  un  adjustable  Iris  such  thut  the  reflected  power  was 
minimized.  In  a  few  minutes  the  specimens  turned  red  hot  and  the  surface  temperature 
was  monitored  with  an  optical  pyrometer.  The  specimens  were  held  in  the  1450  ■ 
1500°C  temperature  range  for  10  •  15  minutes  und  tiien  cooled  by  turning  off  the 
microwave  power.  Figure  4  shows  an  example  of  the  micrograph  of  RBSC  specimens 
joined  In  a  single  mode  cavity. 

The  interfacial  region  Is  similar  to  the  bulk  of  the  specimens.  A  silicon  rich  bund 
of  about  5  micron  width  is  observed  at  the  interfacial  region.  Since  similar  patches  of 
silicon  are  seen  throughout  the  RBSC  material,  the  presence  of  this  band  does  not 
negatively  impact  the  mechanical  properties  of  the  joint.  This  argument  is  supported  by 
the  essentially  identical  appearance  of  micrographs  of  sectioned  joints  that  had  greater 
strength  than  as  received  RBSC  [27j. 

Joining  of  ceramics  is  possible  with  the  single  mode  apparatus,  but  there  is  a 
limitation  on  the  size  of  the  specimens  that  can  be  joined.  Therefore,  designing  of 
special  applicators  is  essentiul  for  specific  applications.  Microwave  hybrid  heating,  on 
the  other  hand,  is  more  flexible  for  industrial  applications.  Specimens  of  varying  shape 


127 


or  size  can  be  placed  inside  th;  insulation  lined  with  a  susceptor.  The  radiative  losses 
from  the  surface  of  the  specimen  are  compensated  by  the  radiant  heating  from  the 
susceptor,  which  provides  for  uniformity  in  heating  the  specimen.  The  soak  temperature 
can  be  maintained  by  pulsing  the  microwave  power.  Pulsing  the  microwave  power  helps 
to  level  off  the  temperature  profile  within  the  sample.  With  microwave  power 
continuously  on,  although  the  power  level  may  be  lowered,  the  area  In  the  specimen  that 
is  at  higher  temperature  will  absorb  more  microwave  energy,  which  may  result  in 
nonuniform  heutlng  and  even  thermal  runawuy.  The  combination  of  microwuvc  hybrid 
heating  and  maintaining  the  temperature  by  pulsing  the  power  (as  opposed  to  lowering 
the  power  level)  provides  much  butter  uniformity. 


Figure  4.  SEM  of  RBSC-RBSC  joint. 

Short  lengths  (2.5  cm)  of  small  scale  (5  cm  diameter)  RBSC  tubes  intended  for 
radiunt  burner  tube  applications  were  supplied  by  Coors  Ceramics.  These  tube  sections 
were  joined  directly  with  and  without  any  polishing,  using  the  multimode  oven  with 
hybrid  heating  [29],  The  bleeding  of  silicon  filled  the  void  space,  making  the  joint  leak- 
tight.  The  joined  tube  was  installed  on  a  vacuum  line  which  held  the  vacuum  (12xl0‘5 
torr)  as  well  as  a  single  tube.  Similar  joining  experiments  were  performed  with  surfaces 
polished  (by  LANL)  to  a  5  micron  finish.  Figure  5  is  a  picture  of  these  joined  RBSC 
tubes.  Joining  is  apparent  all  around  the  circumference  with  substantial  bleeding  of 
silicon.  The  tubes  were  cut  Into  test  bend  burs  (by  Coors)  for  mechanicul  testing.  The 
specimens  resulted  In  flexural  strengths  ranging  up  to  250  MPa  with  an  average  of  190 
MPa  [30].  Microwave  joining  of  small  specimens  in  a  single  mode  applicator  iius 
resulted  Iri  higher  flexural  strengths  than  the  as-received  specimens,  in  contrast  to  the 
present  results.  These  experiments  on  fairly  large  specimens  were  performed  in  a 
multimode  applicator  with  only  900  watts,  some  of  which  is  absorbed  by  the  susceptor 
used  for  hybrid  heating,  It  is  anticipated  that  if  more  power  per  unit  mass  were 
available,  the  joint  strengths  observed  in  microwave  joining  using  single  mode  applicators 
(having  very  high  power  densities)  would  be  attained  with  multimode  applicators. 
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Figure  5.  Photograph  of  Coors  RBSC  tube  Sections  Joined  in  a  multimode  oven. 

Joining  of  RBSC  to  Hexoloy™  (SSIC)  specimens  (0.9em  dlu)  wus  first  carried  out 
in  a  single  mode  cavity.  The  joined  specimens  were  sectioned  and  polished  for  electron 
microscopy.  Figure  6  shows  u  low  magnification  micrograph  of  a  Joint  between  RBSC 
and  Hexoloy™.  The  joint  is  not  visible  In  the  interior  of  the  sample  (region  A)  but  is 
Identified  close  to  the  edge  of  the  sample  (region  B)  becuuse  of  the  poor  matching  of 
the  two  surfaces.  A  crack  in  che  RBSC  (region  C)  where  the  joint  Is  good  indicates  that 
the  joint  is  stronger  titan  RBSC.  Figure  7  shows  a  higher  magnification  of  region  A 
which  is  similar  in  appearance  to  that  of  the  RBSC-RBSC  joint  shown  in  Figure  4, 


Figure  6.  SEM  micrograph  of  RBSC  to  SiC  joining.  Note  a  crack  in  RBSC 
where  Joining  appears  to  be  good. 
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Figure  7.  RBSC  to  SS1C  using  u  single  mode  upplicutor. 

Larger  diameter  (2.5  cm)tubes  of  SSIC  were  joined  to  RBSC  tubes  in  a 
multimode  upplicutor  with  hybrid  heating.  Micrographs  of  joined  sections  were  identical 
to  thut  of  Figure  7,  Indicating  that  u  similar  Joint  can  be  made  with  either  u  single  mode 
or  a  multimode  upplicutor.  This  work  has  demonstrated  the  feasibility  of  joining  RBSC 
to  itself  und  to  SSiC,  an  important  step  for  the  fabrication  of  tube  assemblies  for  high 
temperature  heut  exchungers  und  radiant  burners. 


SUMMARY  AND  CONCLUSIONS 

It  has  been  demonstrated  that  joining  of  oxide,  nitride  and  carbide  ceramics  cun 
be  accomplished  using  microwave  energy.  Strong  joints  can  be  produced  much  more 
rupldly  than  with  conventional  methods,  Single  mode  upplicutors  are  presently  restricted 
to  small  specimens  of  simple  configurations,  However,  joining  of  lurger  specimens 
huvlng  more  complex  shapes  is  possible  using  a  multimode  upplicutor  with  hybrid 
heating.  Current  efforts  ure  underway  to  scale-up  the  microwave  upplicutor  design  to 
allow  joining  of  lurger  components  for  Industrial  applications, 
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TEM  INVESTIGATION  OF  MICROWAVE  JOINED  Si-SiC/AI/Si-SiC  AND  u-SiC/Al/a-SiC. 
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ABSTRACT 

Electron  probe  microanalysis  (EPMA)  and  transmission  electron  microscopy  (TEM) 
have  been  used  to  examine  the  SIC/A1  Interfaces  in  microwave  joined  Si-SiC/AI/Si-SiC  and 
a-SlC/Al/a-SlC,  Both  the  SiC/Al  Interfaces  display  intimate  contact  between  the  ceramic  and 
metal  and  are  free  of  porosity.  EPMA  of  the  oi-SlC/AI/tx-SlC  joints  reveuls  that  no  A1  has 
diffused  into  the  bulk  a-SiC,  unlike  the  reported  diffusion  of  A1  in  Sl-SiC/Al/Si-SiC,  The  TEM 
investigations  show  that  while  the  Sl-SIC/Al/Si-SiC  interface  is  reaction-free,  the 
a-SiC/AI/a-SlC  joint  contains  Si  at  the  interface,  The  TEM  findings  arc  correlated  to  the 
strength  dutu  available  on  these  joints  and  the  possible  reasons  for  the  presence  of  Si  in  the 
ubsencc  of  AI4C3  in  the  ot-SlC/Al/a-SlC  joint  are  discussed, 


INTRODUCTION 

Silicon  carbide  is  un  excellent  candidate  for  advanced  high-temperature  structural 
applications  in  automobile  and  aerospace  Industries,  due  to  Its  toughness,  high  strength  to 
weight  ratio,  and  good  strength  retention  at  high  temperatures,  The  applications  involve  the 
fabrication  of  complex  SiC  components;  hence,  the  joining  of  SIC  becomes  Important.  One 
technique  employed  Is  to  join  SiC  blocks  using  foils  of  A1  or  T1  us  an  intervening  layer,  A1  has 
been  widely  investigated  due  to  the  good  wetting,  fewer  reaction  products,  and  lower 
fabrication  temperatures  associated  with  it.  In  the  conventional  joining  of  SiC  In  a  furnace,  the 
A1  foil,  due  to  a  much  higher  thermal  conductivity,  heats  fuster  than  the  SIC  bulk  material, 
setting  up  sharp  temperature  gradients  in  the  ceramic,  Complex  heating  cycles,  which  cun  prove 
to  be  costly,  are  therefore  required  to  ensure  uniform  heating  und  subsequent  joining.  One 
alternative  route,  which  offers  features  like  uniform  und  rapid  heating  und  consequently  very 
short  Joining  times,  Is  microwuve  heating. 

Since  microwave  heating  is  based  on  the  "In-situ"  conversion  of  electromagnetic  energy 
to  thermul  energy  within  a  material,  It  provides  the  possibility  of  uniform  heating  of  the  bills 
nmlerlul,  The  feasibility  of  utilizing  microwave  energy  us  a  joining  technique  has  been  explored 
extensively  und  the  resulting  joints  have  been  reported  to  have  strengths  cquul  to  und  sometimes 
exceeding  those  of  the  starting  materials  f  1-?]. 

In  this  preliminary  Investigation,  transmission  electron  microscopy  (TEM)  combined 
with  energy  dispersive  spectroscopy  (EDS)  has  been  used  to  examine  the  microstructure  at  the 
SiC/Al  Interface  formed  in  the  microwave  joining  of  SiC  with  un  intervening  layer  of  Al,  To  the 
best  of  our  knowledge,  this  Is  the  first  reported  TEM  investigation  of  microwave  joints,  A  TEM 
study  of  this  kind  uncovers  important  microstructurul  Information  about  the  metal-ceramic 
interface  such  as  the  wetting  and  porosity  at  the  interface  and  characteristics  such  as  the 
morphology,  gruln  size,  und  distribution  of  the  phases  present  at  the  intcrfucc.  This 
Information,  along  with  the  measured  properties  of  the  joints,  cun  leud  to  a  belter  understanding 
and  subsequently  better  control  of  joint  properties, 

Two  cases  have  been  examined  In  this  study  using  TEM:  siliconized  silicon  carbide 
(Sl-SiC)  joined  to  itself  using  un  Al  foil  (Si-SiC/AI/Sl-StC)  and  single-phase  alpha  silicon 
carbide  (a-SiC)  joined  to  itself  using  un  Al  foil  (u-SiC/Al/a-SiC).  EPMA  nits  been  performed 
at  the  a-SiC/Al/u-SIC  interface  to  examine  the  diffusion  of  Al  into  bulk  tx-SiC,  Fructure 
strength  values  and  Wcibull  moduli  of  both  types  of  SiC  measured  before  and  after  joining  have 
been  reported  earlier  1 1 1.  For  reference,  the  fracture  strength  values  are  listed  In  Tnblc  I. 
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Table  I.  Fracture  Strength  data.  Table  n.  Compositions  and  Dimensions  of 

materials  used. 


Material 

Average  Fracture 
Strength  (MPa) 

Material 

Composidon 

8  at%  Si, 
balance  SiC 

Dimensions 

Original  Si-SiC 

215.4 

Si-SiC 

30x20x6  mm3 

S1-S1C/A1/S1-S1C 

219,4 

Original  a-SIC 

-388 

a-SiC 

0. 1-5.0  wt%B 

0, 5-2.0  wt%C 

35x25x6  nun3 

a-SIC/Al/a-SiC 

194.4 

balance  SiC 

Al  foil 

1.5  at%  He 

0.9  SI, 

balance  Al 

16  pm  thick 

EXPERIMENTAL  procedure 

The  compositions  and  dimensions  of  the  Si-SIC,  ot-SiC,  andAl  foil  used  as  the 
interlayer  are  as  given  in  Table  11.  The  joining  surfaces  were  polished  and  were  cleaned  in.  an 
ultrasonic  cleaner  just  before  joining. 

The  A1  foil  was  sandwiched  be'wcen  a  pair  of  SIC  blocks  and  the  specimen  was  then 
placed  inside  the  center  of  a  multi-mode  Cu  cavity.  500  W  of  microwave  power  was  supplied 
to  the  cavity  through  a  variable  bis  which  woe  tuned  to  resonate  at  2.45  GHz  by  an  adjustable 
short.  Quartz  through-tubes  were  placed  above  am)  below  the  SIC  Al-SiC  assembly  to  exert 
pressure  of  1.2  MPa  on  the  system  The  entire  process  Was  carried  out  in  air  and  the  system 
was  heated  until  the  surface  temterature  (measured  fry  a  pyrometer)  reached  125C°C.  The 
temperature  was  maintained  at  1 250°C  for  o.ie  minute  and  the  system  was  then  turned  off  to  let 
the  assembly  cool  to  room  temperature.  After  joining,  cross-sectional  samples  were  cut  and 
polished  and  EPMA  was  performed  using  a  Camebax  SXJ0.  Sections  of  tht  sample  containing 
the  interface  were  used  to  make  TEM  samples  by  standard  techniques  -  mechanical  polishing 
and  dimpling  followed  by  ion-beam  thinning  [43,  The  TEM  and  EDS  were  done  on  a  Philips 
420T  instrument  at  120  kV.  Both  the  EPMA  and  microscopy  were  done  at  the  Materials 
Characterization  Laboratory  of  the  Pennsylvania  Stats  University 

RESULTS  AND  DISCUSSION 

(i)  Diffusion  of  A1 

While  the  presence  of  A1  at  the  SiC/SiC  joint  limits  the  high-temperature  applicability  of 
the  joint  itself,  the  joined  component  could  still  be  subjected  to  higher  temperatures  at  regions 
away  from  the  SiC/Al  interface.  However,  a  significant  in-diffusion  of  Al  would  seriously 
restrict  the  high-temperature  capability  of  the  entire  SiC  componen*.  Electron  probe 
mlcroanalysis  (EPMA)  was  done  on  the  ot-SiC/Al/a-SiC  sample  to  examine  the  diffusion  of  Al 
into  bulk  a-SiC  and  Pig,  1  shows  a  line  scan  of  the  Al  Ka  signal  at  the  interface.  It  is  evident 
from  the  scan  profile  that  the  concentration  uf  Al  falls  off  rapidly  away  from  the  interface.  Point 
analyses  of  the  Al  eoncerurmion  were  performed  at  varying  distances  from  the  interface  and  it 
was  found  that,  at  distances  of  more  than  3.6  pm  from  the  interface,  the  amount  of  Al  present 
was  less  than  the  detection  limit  of  .he  Instrument  (JOOnpm). 

EPMA  of  microwave  joined  Si-SiC/Al/Si-SiC,  reported  earlier  [2],  showed  extensive 
diffusion  of  Al  into  the  free  Si  present  in.  the  bulk  Si-SiC.  Since  Al-SI  is  a  jutictic  system  [5J,  it 
is  possible  that  above  the  eutectic  temperature  of  577°C,  Al  diffuses  through  the  free  Si  (in  the 
Si-SIC)  through  liquid  phase  transport.  This  hypothesis  is  supported  by  the  absence  cf 
detectable  amounts  of  Al  in  the  (Si  free)bulk  ot-SiC. 
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Fig.  1.  EPMA  scan  of  the  A)  Ka  line  superimposed  on  the,  backseattered  image  of  the 
a-SiC/Al  interface. 


(ii)  Interface  morphology 

Flgb.  2  and  3  are  TEM  micrograph.)  of  the  Si.C/Al  inte'.face  in  Si-SiC/Al/Si-SiC  and 
a-SiC/AlM-SiC  respectively.  The  boundary  bet.veen  SiC  and  Ai,  in  both  cases,  is  completely 
continuous  and  pore-free.  It  was  seen  that  the  Al  accurately  follows  the  contours  of  the  SiC 
along  the  entire  length  of  the  interface  observed  in  the  TEM.  la  some  regions  of  the  interface 
examined  in  the  TEM,  it  was  found  that  crevices  on  the  SiC  surface,  up  to  a  few  microns  in 
depth,  were  completely  filled  with  Al.  This  can  be  seen  to  a  lesser  extent  in  Fig.  2,  in  which  the 
Al  has  fully  penetrated  a  dent,  about  0,25  pm  deep,  on  the  SiC  serf  ace.  The  presence  of  strain 
contrast  along  the  interface  in  Fig.  2  further  emphasizes  the  intimate  contact  between  the 
interlayer  and  the  SiC  substrate.  The  difference  in  the  extent  of  polishing  of  the  two  samples  is 
seen  in  the  different  surface  roughness  at  the  interfaces.  The  Al  interlayer  has  an  unusually 
large  grain  size,  with  the  «rains  being  much  larger  in  the  direction  along  the  interfact  than  that 
perpendicular  to  it.  This  would  suggest  that  the  Al  foil  melted  during  the  joining  process,  which 
is  consistent  with  the  surface  temperature  of  1250°C  recorded  by  the  pyrometer.  The  thickness 
of  the  Al  interlayer,  from  Figs.  2  and  3,  is  about 1  urn  in  the  Si-SiC/Al/Si-SiC  and  2  jam  in  tho 
a-S10/Al/a-5>iC,  while  the  original  foil  used  in  both  cases  was  15  pm  thick.  The  observations 
of  beads  of  Al  at  the  edges  of  the  sample  after  microwave  joining  and  the  diffusion  of  Al  into  the 
bulk  Si-SiC  are  consistent  with  this  large  reduction  in  the  thickness  of  the  Al  interlayer. 


iii)  AI4C3  formation 

The  microstructure  of  the  SiC/Al  interface  that  results  from  conventional  joining 
techniques  has  been  widely  investigated  {5-8}  and  the  relevant  reaction  at  this  interface  has  been 
shown  to  be  {6] 

4A!  +  3SiC  — >  AI4C3  +  3Si  0) 


This  reaction  is  generally  not  desired  at  the  interface,  since  the  pretence  of  aluminum  carbide,  a 
brittle  product,  adversely  affects  the  mechanical  properties  and  the  corrosion  resistance  of  the 
joint  [9].  As  is  evident  from  reaction  (i),  die  formation  of  the  carbide  can  be  suppressed  by  the 
presence  of  free  Si  with  a  sufficiently  high  chemical  activity.  Since  there  is  almost  no  solubility 
of  Si  in  Al  at  temperatures  below  300°c,  and  Si  in  SiC  below  2000°C  [5],  even  a  small  amount 
of  Si  present  in  either  A)  or  SiC  would  be  associated  with  a  significant  chemical  activity. 

iii  the  Si-SiC/AiySi-SiC  Interface,  the  free  Si  in  the  Si-SiC  retards  the  formation  of 
AI4C3  by  reaction  (1)  and  hence  the  Interface  is  expected  to  be  free  of  reaction  products.  This  is 
consistent  with  the  fracture  strength  values  of  the  Si-SiC/Al/Si-SiC  joints  [1],  which  are  similar 
to  those  of  the  original  Si-SiC  before  joining.  In  the  presence  of  AI4C3,  a  brittle  phase,  the  joint 
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strength  would  be  expected  to  show  a  deterioration.  No  interfacial  reaction  products  were 
detected  at  the  Si-SiC/Al/Si-SIC  interface. 

The  a-SiC/AI/ot-SiC  interface,  with  no  free  Si,  might  be  expected  to  contain  the 
products  of  reaction  (1):  AUCjandSi.  Here,  although  the  strength  values  of  the 
a-SiC/Al/a-SiC  joints  have  been  found  to  be  only  50%  of  those  of  the  original  a-SiC  before 
joining  [1],  it  must  be  noted  that  the  average  strength  values  of  the  SiC/Al  Interf  ace  itself  in  both 
the  Sl-StC/Al/Si*SiC  and  the  o-SiC/Al/a-SiC  are  within  10%  of  each  other.  This  would  be 
consistent  with  the  absence  of  the  brittle  AI4C3  at  both  interfaces.  TEM  micrographs  of  the 
a-SiC/Al/a-SiC  interface  showed  the  presence  of  free  Si  at  the  a-SiC/Al/ot-SiC  interface; 
however,  AUCa  was  not  detected.  Pie.  4  is  a  TEM  image  Of  the  Si  particles.  The  presence  of 
these  Si  particles  was  confirmed  both  by  the  corresponding  electron  diffraction  pattern  and 
EDS.  All  the  SI  detected  was  in  contact  with  the  SIC  stirface,  i.e.,  there  were  no  isolated  Si 
particles  within  the  A1  interlayer.  This  presence  of  free  Si  and  the  absence  of  AUC3  at  the 
interface  could  be  oue  to  one  of  several  reasons  as  described  below. 

Cue  possibility  is  that  reaction  (1)  did  occur  at  the  interface  and  Si  and  AI4C3  were 
formed  as  reaction  products,  The  Si  has  been  detected  in  the  TEM,  but  the  carbide  has  not. 
This  would  be  the  case  if  SI  forms  as  isolated  particles,  while  AI4C3  is  present  as  u  very  thin 
film  -  a  few  nanometers  thick  -  along  the  a-SiC/Al  boundary.  A  simplistic  calculation  using 
reaction  (1)  and  the  densities  of  AI4C3  and  Si  shows  that  the  amount  of  free  St  detected  in  the 
a-SIC/Al/a-SiC  system  could  be  consistent  with  the  presence  of  such  a  thin  layer  of  AI4C3  at 
the  Interface.  Further  Investigation  using  high-reaolution  TEM  would  be  necessary  to  examine 
this  possibility.  It  is  also  possible  that  isolated  panicles  of  AI4C3  are  present,  but  were  not  seen 
in  the  electron  transparent  wens  of  the  samples  examined,  This  is  also  conceivable,  since  the 
electron  transparent  area  in  a  TEM  sample  is  only  a  small  fraction  of  the  total  interfacial  area  in 
the  sample;  which  in  turn  is  a  small  fraction  of  the  interface  formed.  On  the  other  hand,  the 
AW3  formed  as  a  reaction  product  would  be  expected  to  exist  In  Contact  with  the  AI,  SIC,  and 
the  Si;  however,  no  AI4C3  was  detected  in  the  vicinity  of  the  Si  particles.  The  formation  of 
AI4C3  and  its  subsequent  diffusion  into  the  bulk  a-SiC  does  not  appear  to  occur,  since  results 
of  the  EPMA  confirm  the  absence  of  any  Al  in  the  bulk  a-SiC. 

Another  explanation  arises  from  the  0.85  vt%  Si  present  as  an  impurity  in  the  Al 


Fig.  4,  TEM  micrograph  showing  Si  particles  at  a-SiC/Al  interface,  Inset  shows  selected  area 
diffraction  Pattern  from  a  Si  particle  and  corresponds  to  [01 1]  zone  axis  of  Si. 
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interlayer,  Since  Si  has  practically  no  solubility  in  A1  below  300°C  [S],  even  a  small  amount  of 
Si  present  in  the  A1  would  have  a  high  activity,  Increasing  the  surface  energy  of  the  system,  On 
cooling,  this  Si  could  tend  to  segregate  to  the  interface  with  a-SiC  to  lower  the  energy,  resuidng 
in  a  sharp  Increase  in  the  concentration  of  Si  at  the  interface.  This  <n  turn  would  suppress  the 
formation  of  AI4C3,  and  eventually,  she  free  Si  would  precipitate  at  the  SiC/AI  interface,  While 
the  amount  of  Si  seen  in  Fig,  2  does  not  appear  to  be  consistent  with  the  0.8J  wt%  Si  present  in 
the  Al,  it  must  be  noted  that  for  the  most  part,  the  interface  was  barren  and  contained  no  Si;  the 
free  Si  was  present  only  in  sthall  Isolated  pockets,  Tills  argument,  however,  would  imply  the 
precipitation  of  free  Si  in  the  Si-SiC/Al/Sl-slC  system  also;  as  mentioned  earlier,  the  interface  in 
the  Si-SiC'Al/Si-SiC  system  appears  to  be  free  of  any  additional  phases  (including  Si). 

SUMMARY  AND  CONCLUSIONS 

SiC/AI  interfaces  in  microwave joined  SloiC/Al/Si-SiC  and  a-S»C/Al/a-SIC  have  been 
Investigated  using  EP'MA  and  TEM.  EPMA  of  the  a-SiC/Al/a-SiC  joints  reveals  that  no  Al  has 
diffused  into  the  bulk  tx-SiC,  as  opposed  to  Si 'SiC/Al/St*SiC  joints  in  which  diffusion  of  Al 
into  the  bulk  Si-SiC  has  been  previously  reported.  This  would  support  the  contention  that  the 
Si  in.  the  Si-SiC  provides  a  diffusion  path  for  the  Al  due  to  liquid  phase  transport, 

TEM  investigation  of  the  SiC/AI  interfaces  in  Si-SlC/AVSi-SiC  and  a-SiC/Al/a-SiC 
shows  that  both  interfaces  are  free  of  porosity  and  display  intimate  contact  lietween  the  Al  and 
SiC.  Large  grains  of  Al  are  seen,  indicating  that  the  Al  has  melted  during  Joining.  As  expected, 
TEM  images  show  no  reaction  products  at  the  St-SiC/AI/Sl-SiC  interface.  While  the 
a-SIC/AI/a-SIC  interface  might  be  expected  to  contain  both  AI4C3  and  Si  (formed  as  products 
of  die  reaction  between  SiC  and  Al),  there  was  no  clear  degradation  of  the  fracture  strength  of 
the  joint,  as  would  be  expected  ir.  the  presence  of  significant  amounts  of  a  brittle  phase  like 
AI4C3.  Si  was  detected  by  the  TEM,  but  no  AI4C3  was  imaged,  One  explanation  would  be  that 
the  AI4C3  is  present  at  the  interface  but  has  not  been  imaged  in  the  TEM  due.  to  the  limited  field 
of  view  in  the  TEM  samples,  It  is  also  possible  that  AI4C3  is  present  as  a  thin  layer  -  a  few 
nanometers  thick  -  along  the  a-SiC/Al  interface.  The  presence  of  such  a  thin  film  of  AL4C3 
would  be  expected  to  have  little  effect  on  the  strength  or  the  joint,  which  is  consistent  with  the 
observations.  It  would  be  difficult  to  confirm  the  presence  of  such  a  thin  layer  in  a  conventional 
TEM  Investigation  of  this  kind;  further  work  using  HREM  would  be  necessary  to  examine  this 
possibility.  Another  explanation,  the  precipitation  of  supersaturated  Si  from  the  Al  interlayer, 
would  satisfactorily  explain  the  presence  of  Si  out  not  AI4C3  at  the  joint,  and  is  also  consistent 
with  the  absence  of  any  dear  change  in  interfadal  strength,  This  would,  however,  suggest  the 
precipitation  of  31  in  the  Sl-SiC/Al/Si-$IC  system  also,  which  was  not  observed. 
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HIGH  SPEED  JOINING  OF  ALUMINUM  METAL  MATRIX  COMPOSITES 
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ABSTRACT 


Due  to  their  superior  mechanical  properties  and  high  strength  to  weight  ratio,  metal  matrix 
composite  materials  are  increasingly  being  used  in  aerospace,  automotive  and  defense 
industries.  The  use  of  a  fusion  related  conventional  joining  technique,  such  as  arc  welding, 
leads  to  the  formation  of  undesirable  non-equilibrium  phases  in  the  weld  zone,  where  as 
diffusion  and  adhesive  joining  techniques  are  rather  slow.  Non  contact  multi-kilowatt  laser 
'  joining,  though  fully  developed  for  high  speed  autogenous  joining  of  different  alloys,  is  not  yet 
adequate  for  joining  of  metal  matrix  composites,  Efforts  have  been  made  by  several  researchers 
to  control  the  composition  and  microstructure  of  laser  joined  aluminum  metal  matrix  composites 
by  controlling  the  energy  input  and  by  the  use  of  filler  wires.  In  view  of  the  current  industry 
trend  to  use  more  light  weight  structural  composite  materials,  and  greater  use  of  high  energy 
density  beams  for  a  variety  of  metalworking  applications,  the  authors  have  reviewed  the  current 
status  of  high  speed  laser  joining  of  metal  matrix  composites.  Emphasis  is  placed  on  problems 
and  various  techniques  which  can  be  used  to  aohleve  a  better  control  on  composition  and 
microstructure  during  high  energy  luser  joining  of  aluminum  metal  matrix  composites. 


INTRODUCTION 


The  ever  growing  demand  for  new  high  perfoimance  materials  to  be  used  in  highly 
specialized  applications  spurred  the  development  of  new  engineering  materials.  Composite 
materials  were  developed  because  no  single,  homogeneous  structural  material  could  be  found 
that  had  all  of  the  desired  properties  for  a  given  application  (1,21.  Various  stlffer  and  stronger 
reinforcements  such  as  particulates,  continuous  and  discontinuous  fibers  or  laminates  when 
added  to  a  relatively  weak  matrix  form  a  composite  material  whose  properties  are  superior  to  that 
of  the  matrix.  Depending  upon  the  type  of  the  matrix,  composites  are  divided  into  polymer  and 
metal  matrix.  Metal  matrix  composites  consist  of  a  metal  base  that  is  reinforced  with  one  or 
more  constituents,  such  as  continuous  graphite,  uluminu,  silicon  carbide,  or  boron  fibers  and 
discontinuous  graphite  or  ceramic  materials  in  particulate  or  whisker  from.  When  compared 
with  polymer  composites,  metal  matrix  composites  offer  certain  advantages,  suoh  as,  high 
tensile  and  shear  moduli  (which  are  compatible  with  those  of  the  fibers),  high  melting  point, 
small  thermal  expansion  coefficient,  resistance  to  moisture,  dimensional  stability,  jolnablllty, 
high  ductility  ana  toughness. 

Some  of  the  important  applications  of  metal  matrix  composites  include,  mid  fuselage, 
landing  gear  drag  link  of  space  shuttle,  neutron  shielding,  aircraft,  missiles,  engines,  bridging, 
pressure  vessels,  projectile  fins,  drive  shafts,  tubes,  reinforced  pistons  and  missile  wings  [3], 
The  structures  made  of  composites  are  often  trimmed  or  joined  to  net  size  and/or  shape  and 
attached  to  the  final  assembly.  The  use  of  a  low  density  fusion  related  joining  technique,  such 
us,  arc  welding  leads  to  the  formation  of  undesirable  non-equilibrium  phases  In  the  weld  zone, 
where  as  diffusion  and  adhesive  joining  techniques  are  rather  slow.  Several  researchers  have 
conducted  different  studies  to  control  the  composition  and  microstructure  of  laser  joined  metal 
matrix  composites.  The  current  status  of  high  speed  high  energy  laser  joining  of  metal  matrix 
composites  Is  discussed  in  this  review  paper. 

Electron  beam  (EB)  and  laser  beam  (LB)  are  two  important  high  power  density  joining 
processes  that  have  gained  world  wide  acceptance  in  many  Industries.  Electron  beam  welding 
of  composites  has  not  been  very  successful  due  to  vacuum  requirements,  Recent  advances  in 
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laser  systems,  especially  in  laser  beam  and  workpiece  positioning  and  process  control,  have 
significantly  enhanced  materials  processing  applications  of  lasers.  Although,  lasers  have  been 
used  for  joining  many  important  engineering  materials,  its  applications  to  joining  of  metal  matrix 
composites  is  not  yet  fully  developed.  A  survey  of  the  recent  composite  and  laser  literature 
clearly  demonstrates  that  in  the  last  thirteen  yean,  Japanese,  European  and  Russian  investigators 
have  published  more  articles  on  laser  processing  of  composites  than  their  US  counterparts. 
Furthermore,  most  of  the  work  has  been  on  laser  machining  of  epoxy  based  composites,  such 
as,  Kevlar,  Graphite  or  Glass  epoxy  composites  [4-6],  The  earlier  work  on  laser  processing 
was  performed  on  continuous  fiber  metal  matrix  carbon/1100  aluminum  matrix  composite, 
carbon/6061  aluminum  composite,  graphite/aluminum  composite,  and  SCS-6/T1-15-3 
composites  [7,8], 

More  recent  work  (Table  I)  has  been  primarily  on  cutting  and  welding  of  SiC  and 
Alumina  reinforced  aluminum  matrix  composites  which  are  increasingly  heing  used  in  aerospace 
applications  due  to  their  high  strength  and  light  weight  [9-1 5],  Dahotri  et  al.  have  performed 
several  studios  in  which  the  cutting  and  welding  behavior  of  A356-A1  composite  reinforced  with 
10-12%  SiC  was  investigated  [9-12],  A  3.7  Kilowatt,  RF  excited,  carbon  dioxide  laser 
operating  in  continuous  and  pulsed  mode  was  used.  Cola  et  al.  also  investigated  high  speed 
laser  welding  behavior  of  A356-A1  composite  reinforced  with  1 5%  SiC  particulates  by  using  a 
1.3  Kilowatt  continuous  wave,  carbon  dioxide  laser,  and  a  300  watt  pulsed  Nd:Yag  laser  [13]. 
More  recently  Kawall  et  al.  and  Meinert  et  al.  performed  cutting  and  welding  studies  on  6061-A1 
matrix  composite  reinforced  with  20%  AI2O3  using  continuous  wave  S  and  1.5  Kilowatt  ourbon 
dioxide  lasers  respectively  [14,13],  These  recent  studies  have  greatly  emphasized  the 
advantages  of  lasers  which  make  it  possible  to  achieve  u  better  control  of  composition  and 
microstructure  during  laser  welding  of  metal  matrix  composites. 


Table  1 

Summary  of  Recent  Studies  on  Laser  Joining  of  Metal  Matrix  Composites  [9.-15] 


Dahotri  et  al. 
(1989-91) 

Cola  et  al. 

(1990) 

Kawall  et  al. 

(1991) 

Meinert  et  al. 
(1992) 

A3S6  + 10%  SIC 

A356  + 15%  SIC 

6061  Al 
+20%Al2O3 

6061  A1  +  A1203, 
20%SiC 

3.7  Kilowatt  C02 
(RF  Excited) 

1.5  Kilowatt  C02 
and  300  watt  Pulsed 
Nd:Yug 

5  Kilowatt  CO2 
(Continuous  wave) 

1.5  Kilowatt  CO2 
(Continuous  wave) 

Microstructure 

Composition 

Control 

Microstructure 

Weld  Chemical 
Analysis 

Composition 

Control 

In  their  earlier  study,  Dahotri  et  al.  used  u  continuous  laser  power  of  2, 3  and  4  Kilowatt, 
a  traverse  speed  of  25  cm/s  and  Ar  flow  rate  of  4  liters  per  minute  to  weld  A356-A1  matrix 
reinforced  with  10%  SiC  [9],  The  microstructural  analysis  showed,  that  the  fusion  zone 
consisted  of  platelike  and  blocky  precipitates  distributed  in  a  fine  dendritic  matrix,  whereas,  the 
HAZ  consisted  of  platelike  precipitates  along  with  SiC  particulates  and  small  blocks  of  Si.  X- 
ray  analysis  of  the  laser  melted  region  (Figure  1)  showed  the  presence  of  AI4C3  carbide  and 
other  phases.  It  is  believed  by  many  researchers  that  the  formation  of  AI4C3  carbide  takes  place 
due  to  the  following  chemical  reaction  between  -'iminum  and  SiC, 

4A1  (l)  +  3SIC  (S)  -  A14C3(S)  +  3Si  (g)  (1) 

The  intense  heat  developed  in  the  laser  melted  region  melts  SiC  to  provide  C  for  the  formation  of 
AI4C3  (Figure  2).  It  can  be  seen  from  Figure  2a,  that  the  amount  of  AI4C3  formed  in  the  fusion 
zone  is  a  function  of  specific  energy.  This  can  be  verified  fr<  m  Figure  2b,  where  the  effect  of 


specific  energy  on  the  volume  of  SIC  is  plotted  along  with  the  volume  of  AI4C3.  A  drop  in  the 
volume  of  SIC  associated  with  an  increase  in  the  volume  of  AI4C3  can  be  seen.  A  high  heat 
input  destroys  SIC  particulates  completely  and  forms  large  carbide  plates  in  the  fusion  zone. 
The  excess  amount  of  carbide  is  detrimental  and  con  be.  controlled  to  some  extent  by  controlling 
the  heat  input  [9-12], 


DIFFRACTION  ANOH.20 


Figure  1.  The  X-ray  analysis  oflaser  melted  A356-A1+10%  SiC  composite  [9]. 


Figure  2.  (a)  The  length  and  width  of  AI4C3  plates  and  (b)  volume  fraction  of  SiC  and 
AI4C3  as  a  function  of  specific  energy  [9], 

In  another  study,  Dahotri  et  al.  investigated  the  effect  of  laser  power  on  (he  extent  of 
energy  transfer  for  three  different  materials,  namely,  A356-A1,  A3S6  reinforced  with  10  and 
20%  SiC  111].  It  was  found  that  the  heat  transfer  to  the  composite  is  actually  energy  dependent 
(see  Table  II).  At  low  laser  powers,  the  surface  eraissivlty  plays  an  important  role,  hence  the 
20%  SiC  reinforced  composite  had  the  highest  absorption  and  melting  (Figure  3).  At  medium 
laser  power,  the  extent  of  energy  transfer  is  controlled  by  fluid  now,  hence  the  ratio  of 
Dispersive  Power  to  Incident  Power  (F.DP4P)  which  Is  similar'  to  absorptivity,  Increases  more 
rapidly  for  A356-A1  than  for  any  of  the  composites  tested.  It  actually  decreases  for  A356- 
20%SiC  composite,  indicating  that  other  heat  transfer  effects  were  influencing  the  fusion  zone. 
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The  presence  of  reinforcement  diminishes  the  role  of  convection.  At  high  laser  power,  due  to 
onset  of  the  keyhole,  the  absorpdvlties  (Table  □)  and  hence  the  extent  of  melting  (Figure  3)  was 
same  for  all  the  materials. 


Figure  3,  Weld  bead  radius  versus  incident  power  [  12). 


Table  H* 

Redo  of  Dispersive  Power  to  Incident  Power  (EDP/1P) 


incident  Power 
(Watts) 

A35S-AI 

- EUF7TP - 

10%StC 

20%SIC 

iOOO 

0,04 

.11 

,24 

woo 

0.04 

.10 

.20 

1400 

0,04 

,10 

.17 

1600 

0.07 

,13 

.17 

1(100 

0.09 

.13 

.16 

2000 

0,09 

.14 

,15 

2200 

0,12 

.12 

.13 

2400 

0.12 

.15 

,15 

♦Reference  12 


It  Is  important  to  mention  that  these  observations  are  similar  to  those  reported  by  Meinert 
et  al,  (Figure  4)  on  absorptivides  and  depth  of  penetration  for  6061 -Al  and  6061  Al  reinforced 
with  SiC  and  AI2O3  [IS],  It  can  be  seen  that  6061 -Al  has  the  lowest  penetration,  whereas,  the 
presence  of  SiC  ana  AI2O3  increased  the  absorptivity.  6061  -Al  reinforeed  with  AI2O3  showed 
highest  absorptivity  and  depth  of  penetration.  The  presence  of  AI2O3  changes  the  electrical 
resistivity  and  surface  properties  of  6061-A1  matrix,  hence  due  to  a  better  coupling,  more 
efficient  transfer  cf  energy  takes  place.  The  formation  of  carbide  was  still  a  problem,  however, 
it  was  proposed  that  by  adding  a  suitable  filler  alloy  its  formation  could  be  suppressed  to  u  large 
extent.  Free  energy  data  shows  that  due  to  their  low  energy  of  formation  (Figure  5)  titanium 
and  zirconium  form  carbides  in  preference  to  aluminium  carbide,  The  laser  welds  made  with 
titanium  filler  wire  showed  that  formation  of  aluminum  carbide  was  indeed  suppressed.  Instead 
of  large  plates  of  aluminum  carbide,  a  very  line  dendritic  structure  was  found  in  the  fusion  zone 
of  6061-A1  composite  [15], 

Kawali  et  si.  provided  some  very  interesting  results  on  the  role  of  shielding  gas  flow  and 
direction  on  the  suppression  of  plasma,  weld  quality  and  surface  appearance  [  14],  Welds  were 
mode  on  6061 -Ai  and  Duralcan  composites  using  a  5  Kilowatt  laser  and  nozzles  of  different 
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orientation  and  shapes,  All  orientations  of  nozzles,  except  when  the  nozzle  was  placed  in  such  a 
wav  that  the  gas  flow  and  weld  directions  were  saints,  failed  to  produce  good  welds  in  Duralcan. 
A  theory  to  explain  plasma  breakage  and  formation  of  crescent  shape  ridges  for  laser  welding  of 
Duralcan  was  proposed,  When  the  gas  flow  is  in  the  direction  of  welding,  the  gas  pushes  the 
ridge  out  of  the  plasma  plume  region  and  hence  the  explosive  plasma-Al203  Interaction  does  not 
take  place.  Any  other  nozzle  orientation  would  result  in  plasma-alumina  reaction  for  laser 
welding  of  Duralcan.  It  was  suggested  that  to  make  good  welds,  the  gas  flow  should  be  laminar 
and  fine  of  any  turbulence  in  the  weld  area  [14], 


Figure  4.  Absorpdvities  and  depth  of  penetration  for  Al,  Ai+SIC  and  A1+  AI2O3  [  15], 


700  100  900  1000  1100  1900  1300  1400 

Temperature  <*C) 


Figure  S,  Free  energy  of  formation  of  several  metallic  carbides  [15). 


CONCLUSION 

Several  researchers  have  performed  high  speed  joining  of  metal  matrix  composites  using 
both  continuous  wave  and  pulsed  lasers.  It  was  found  that  the  formation  of  non-equilibrium 
phases,  which  is  very  common  for  fusion  welding,  and  loss  of  reinforcement  particles,  whloh 
leads  to  excessive  porosity,  can  be  reduced  significantly  by  (a)  controlling  the  heat  input,  and 
(b)  using  « suitable  filler  alloy,  such  as  titanium  wire  during  laser  welding. 
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ABSTRACT 


A  rapid  infrared  joining  (RU)  technique  has  been  developed  at  the  University  of  Cincinnati  for 
high  temperature  materials.  This  technique  takes  only  a  few  seconds  to  a  few  minutes  to  join 
parts  up  to  1,8  cm  In  thickness.  The  advantages  of  the  RIJ  technique  are  quick,  simple, 
inexpensive,  no  vucuum  Or  pressure  needed,  no  effect  on  the  microstructure  of  the  base 
matcriul,  flexible  und  feasible  for portable  operation,  For  titanium  joining,  both  TI-6AU4V 
and  (J21S/SCS-6  composite  have  been  successfullyloined  with  infrared  ut  about  1000  °C  for 
30  seconds  In  argon  with  u  TiNICu  brazing  ulloy,  The  maximum  joint  shear  strength  Is  up  to 
534  MPu,  which  Is  higher  than  that  of  any  bond  joined  with  conventional  brazing  techniques, 
Our  study  has  shown  that  the  longer  the  joining  time,  the  wider  the  joining  urfected  zone, 
Prolonged  joining  cycles  allow  for  uttack  of  the  titanium  ulloy  by  the  molten  brazing  ulloy. 
Results  from  the  titanium  mutrlx  composite  (TMC)  joining  show  thut  the  joining  strength  for 
die  infrared  bonded  puns  Is  superior  to  those  processed  with  the  conventional  techniques. 


INTRODUCTION 

With  increasing  complexity  of  engineering  components  to  fulfill  ever  Increasing  needs 
In  muchine  performance,  new  demunds  for  Joining  advanced  high  temperature  muterluls  ate 
warranted.  Bonding  of  honeycomb  structures,  small  parts,  composites,  Und  devices  where 
the  muterluls  ure  relatively  thin  und  Intricate,  requires  a  fust,  controllable  method  of  heutlng  In 
order  to  limit  the  diffusion,  chemical  reaction,  und  alloying  between  the  base  material  und 
brazing  ulloy.  A  rapid  Infrared  Joining  process  being  developed  ut  lire  University  of  Cincinnati 
has  met  the  stringent  requirements  of  such  new  demunds  in  muterluls  Joining!  1 1.  Tills  process 
hus  been  demonstrated  to  provide  a  rapid,  simple,  und  instant  starting  und  stopping  technique 
for  muterluls  bonding. 

In  joining  of  titunluiti  alloys  und  titanium  matrix  composites,  Issues  of  concent  include 
( I  )the  joining  temperature,  (2)the  development  of  the  Widmunstutten  structure  in  the  Joint,  und 
(3)solld-stute  diffusion  of  brazing  ulloy  Into  the  substrate,  which  results  In  requiring  excess 
amounts  of  filler  material  to  provide  perfect  wetting  and  bonding.  Joining  above  the  a/|l 
transition  tempo ruttire,  455-082  “C,  for  an  extensive  period  has  been  reported  to  cause  ilut 
mechanical  properties  of  the  buse  metal,  such  us  ductility  und  toughness,  to  be  impaired 
bccuuse  of  the  phuse  transformation  und  coarsening  of  grains  of  the  base  rnetal|2,3|. 
Conventionally,  Joining  of  titanium  alloys  Is  accomplished  by  fusion  welding,  resistance 
welding,  diffusion  bonding,  or  braiting|2-6|.  Among  them,  brazing  and  diffusion  brazing  ure 
preferred  for  joining  complicated  unci  precise  components.  Joint  strengths  of  Ti-ftAMV 
reported  In  the  literature  vary  with  different  joining  methods.  When  Joined  witlt  laminated 
brazing  Oiler  metals.  TI-i4Cu-l4NI  wt%,  with  un  overlap  length  equal  to  the  thickness  of  the 
base  material,  designated  us  IT,  u  room  temperature  tensile  shear  strength  of  31(1  MPu  wus 
obtalncd|2|  Diffusion  brazed  TI-6AI-4V  Joints  using  Cu  filler  metals  with  IT  overlap  showed 
room  temperature  tensile  shear  strengths  of  up  to  446  MPu|4|,  In  the  case  of  induction 
brazing,  room  temperature  tensile  shout  strengths  forTI-6AI-4V  IT  overlap  Joints  i\il'427  MPa 
have  been  reported  with  an  amorphous  Cu-301'l  wt'A  filler  metul|6). 

The  rapid  infrared  joining  technique  that  we  developed  cun  produce  heating  rates 
exceeding  100  °C/sec  up  to  the  brazing  temperature  und  cooling  to  below  500  °C  In  a  few 
seconds  which  decreases  or  eliminates  the  adverse  effects  of  prolong  heating  above  die  u/|i 
transformation  temperature.  Precise  heating  with  infrared  further  minimizes  the  formudon  of 
the  Widmunstutten  structure  In  die  joint,  which  was  believed  to  cause  deterioration  of  Joint 


Mat.  Rai.  Sue.  Bymp.  Proc.  Wot,  314.  *1983  Malarial*  flataartih  ioolaty 


144 


ductlllty[31.  With  Infrared  joining,  the  amount  of  filler  material  necessary  to  form  a  good  joint 
can  be  minimized  due  to  the  fast  heating  rate  which  limits  the  solid-state  diffusion  of  the  filler 
material,  thereby  leaving  most  brazing  alloy  available  for  forming  liquid  to  wet  the  base 
material.  Blue  and  Lin  have  reported  shear  strengths  of  Inconel  on  the  order  of  483  MPa  with 
total  processing  times  of  120  seconds  under  inert  aunospherej  1 }.  This  value  is  on  the  order  of 
that  obtained  by  conventional  vacuum  brazing  of  the  same  material. 


EXPERIMENTAL 

The  T1-6A1-4V  alloy  used  In  this  study  was  obtained  from  Air  Force  Wright 
Laboratory.  The  titanium  matrix  composite,  021S/SCS-6,  was  obtained  from  NASA  Lewis 
Research  Center,  T1-6A1-4V  was  sectioned  Into  50mm  x  15mm  x  3,5mm  specimens  by 
electron  discharge  machining,  EDM.  (121S/SCS-6  specimens  wore  sliced  with  diamond 
wheels  on  a  Buehler  low  speed  saw  Into  31  mm  x  3.5  mm  x  1.2  mm  specimens,  All  T1-6A1- 
4V  samples  were  chemically  cleuned  with  a  chemical  etchvnt  consisting  of  10ml  HF,  45ml 
HNOjand  45ml  water.  The  TMC  samples  were  ground  to  u  16  pm  finish.  The  etched  samples 
had  u  surface  roughness  of  less  than  14  microns  when  measured  with  a  profilometor.  Such 
surface  roughness  was  similar  to  that  polished  to  a  600  grif  finish,  Before  joining,  Samples 
and  filler  material  were  degreased  In  an  ultrasonic  cleaner  and  rinsed  in  acetone.  The  filler 
materiul  was  a  17  micron  thick  foil,  MBF  5003  Ti-lSCu-l.Wi  wt%  supplied  by  METOLAS. 
The  specimens  with  the  filler  metal  were  then  placed  in  the  Infrared  fumade  in  a  single  lap  joint 
configuration  according  to  ASTM  standard  D0012-7if7j,  No  external  pressure  wits  applied  to 
the  parts  being  Joined.  The  specimens  were  argon  purged  for  approximately  60  seconds  prior 
to  the  heating  cycle,  During  the  entire  joining  process,  argon  was  purged  through  the  heating 
chamber  at  250  ml/min  In  order  to  prevent  oxidation.  The  processing  temperature  was 
monitored  with  u  chromel-ulumel  K  type  thermocouple  spot  welded  on  the  specimen  near  *hc 
joining  urea,  Typically,  the  temperature  of  the  specimen  was  brought  to  the  preset  joining 
temperature  in  10-20  seconds  and  then,  held  at  that  temperature  for  various  lengths  of  tinv 
before  the  power  Is  terminated.  After  Joining,  the  sample  cooled  naturally  in  an  argon 
utmosphere.  The  cooling  rute  wus  rapid  due  to  the  cold  wall  process  of  Infrured  joining,  in 
which  only  the  sumple  was  heated  to  the  desired  joining  temperature.  The  samples  normally 
cooled  to  below  500  °C  in  less  thun  10  seconds. 


RESULTS  AND  DISCUSSION 


With  TI-15Cu-15NI  ulloy  us  the  filler  material,  T1-6A1-4V  specimens  were  joined  at 
vurlous  temperatures  for  30,  60  and  120  seconds.  Figures  lu,  b,  und  c  show  plots  of  joint 
shear  strength  us  u  function  of  joining  temperature  for  holding  times  of  30.  60,  and  120 
seconds  respectively.  It  cun  be  seen  that  the  bond  shew  strength  inereuses  with  increasing 
temperature  und  time  to  a  maximum  value  of  554  MPa.  It  is  clear  that  at  the  Joining  time  of  30 
seconds,  the  higher  the  temperature,  the  higher  the  shear  strength.  At  60  seconds,  the  b.rnd 
shear  strength  shows  a  maximum  at  1 100  °C;  and  at  120  seconds,  die  bond  strength  shows  a 
niuxlmum  at  1 250  °C.  It  appears  that  the  60  second  bonds  are  stronger  thun  both  the  30  second 
and  120  second  bonds,  except  those  joined  at  1250  °C  Joining  at  1250  °C,  however,  is  noi 
desirable  due  to  the  targe  reaction  zone. 

The  quality  of  joining  was  Inspected  from  cross  sections  of  a  different  set  of  joints 
made  at  1120  °C  with  infrured  as  shown  In  Figure  2,  The  joint  cross  section  inspections  from 
optical  mlcrostructural  photos  reveal  that:  (I)  all  Infrured  bonds  exhibit  excellent  wotting 
between  the  filler  ulloy  and  the  buse  T1-6A1-4V  ulloy:  (2)  no  voids  were  observed  in  the  joint; 
(3)  the  Widmanstatten  structures  has  developed  In  u,l  joints;  (4)  the  width  of  the  joint  urea 
Increuse  with  Increasing  Joining  time  und  temperature;  und  (5)  a  bright  zone  observed  in  the 
middle  of  the  joint  at  low  joining  temperature  and  short  joining  time  aeininlshed  as  the  Joining 
temperature  und  time  increased. 


Joint  Shear  Strength  (MPa) 
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Figure  1,  Joint  Shear  Strength  of  1R  Ponded  TI-6AI-4V  Specimens. 


Figure  2.  Optical  Micrograph  of  Joint  Cross  Sections,  1120  °C  a.  30  sec,  b,  60,  and  c,  120. 


From  Figure  1,  it  cun  be  concluded  that  the  optimum  Infrared  Joining  condition  for  Tl- 
6A1-4V  iit  ut  1 100  DC  for  60  seconds.  Joints  mude  under  this  condition  nave  a  joint  shear 
strength  of  554  MPa,  The  best  Joint  strength  reported  Is  496  MPa  for  joints  made  by 
Prteaman[4)  with  u  diffusion  brazing  technique  using  Cu  as  the  filler  material.  Due  to  the 
prolong  heating  of  Freedman's  joining  procedure,  It  was  reported  that  the  mechanical  su'ength 
of  TI-6AI 4V  hurt  been  deteriorated  significantly.  With  Freedman's  Joining  process,  the  tensile 
strength  of  the  base  alloy  can  be,  reduced  by  6%  and,  the  yield  strength  by  9%.  Not  only 
providing  stronger  joints,  the  infrared  joining  process  Is  superior  also  itt  that  there  Is  little 
effect  on  the  base  material  properties, 

Figure  3  shows  the  measured  width  of  the  joint  area  us  a  function  of  the  joining  time  at 
respective  temperate, -to,  Data  from  this  diagram  indicated  that  the  joint  width  varies  linearly 
with  the  processing  time.  Such  &  trend  suggested  that  the  bond  width  is  controlled  by  the 
dissolution  of  the  base  material  by  the  molten  filler  alloy  during  joining,  Comparing  the  bond 
strength  with  the  width  of  joints,  it  can  be  seen  that  there  is  no  definite  correlation  between 
these  two  Joint  propci  tie?,.  However,  examinations  of  the  debonded  fracture  surface  of  the 
joints  with  SKM  reveal  a  possible  linkage  between  the  bond  strength  and  the  bond 
morphology, 
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Figure  3.  Joint  Zone  Width  us  a  Function  of  Joining  Temperature  and  Time. 
Dissolution  of  T1-6AI-4V  During  Joining 

Careful  inspection  of  the  joint  cross  section  microstructures  suggest  thut  during  rapid 
infrared  Joining,  dissolution  of  the  base  metal  begins  as  soon  us  the  braze  alloy  melts:  The 
addition  of  Ti-6A1-4V  into  Ti-l5Ni-15Cu  shifts  the  brazing  alloy  composition  and  changes 
both  liquldus  and  solidus  temperature  of  the  molten  phase.  As  time  goes  on,  mote  Ti-6Ai-4V 
is  dissolved.  Eventually,  The  composition  of  the  molten  phase  will  shift  to  a  composition  in 
equilibrium  with  the  T1-6A1-4V  phase.  From  then  on,  no  more  dissolution  of  Ti-6AI-4V  will 
occur.  However,  since  both  Ni  and  Cu  are  present  in  the  molten  phase,  these  two  elements 
will  diffuse  into  the  Ti-6A1-4V  phase.  Concentration  gradients  of  Cu  and  Ni  will  be 
established.  The  depth  of  diffusion  depends  on  the  temperature,  time,  and  the  diffusion 
coefficients  of  Cu  or  Ni  in  the  Ti-6AI-4V  structure,  Meanwhile,  as  a  result  of  the  diffusion, 
the  Cu  and  Ni  concentrations  in  the  molten  phase  will  be  reduced,  Such  a  shift  in  composition 
will  cause  precipitation  of  the  Ti-6A1-4V  phase  beck  on  to  the  dissolution  front.  It  is  likely 
that  the  growth  of  the  Widmanstatten  structure  is  the  result  of  such  Ti-oA!-4V  phase 
precipitates  which  contain  both  Ni  and  Cu. 

Although  the  infrared  joining  time  is  short,  our  experiments  have  shown  that  the 
dissolution  has  largely  widened  the  joint  area.  Meur.A.iFi,  -'t  12511  "C  and  long  processing 
time,  regions  of  diffusion  affected  zone  beyond  the  joint  zone  can  be  identified,  Figure  2.  At 
the  completion  of  joining,  the  power  was  terminated  and  coaling  occurred  rapidly.  Typically, 
it  takes  only  less  than  10  seconds  for  the  specimen  to  ’oc.i  down  to  500  °C.  With  such  rapid 
cooling,  solidification  would  occur  most  likely  following  non-equilibrium  path.  During 
solidification,  even  if  the  composition  in  the  molten  portion  of  th-  loint  could  be  treated  as 
homogeneous  due  to  rapid  diffusion  in  liquid,  the  solidified  pc '  lion  v» ,  uld  have  significant 
composition  variation  since  the  solid  state  diffusion  is  several  orders  of  magnitude  smaller  the 
that  Li  the  liquid. 

There  is  no  phase  diagram  of  the  TI-AI-V-Ni-Cn  system  avuilaolr  foe  us  to  verify  the 
joining  path  mentioned  above.  However,  it  Is  most  likely  teat  the  final  drop  of  the  liquid 
would  be  the  composition  approaching  the  eutectic  composition  of  this  five  component 
system,  (t  is  to  be  noted,  also,  that  depending  on  the  amount  of  the  Ti-‘>AI-4V  dissolution  und 
the  temperature  of  joining,  the  solidification  oath  will  be  lightly  differed  and,  the  final  liquid 
composition  will  be  shifted. 

The  existence  of  the  Widmanstatten  structure  has  been  reported  in  the  joint  of  Ti-6Al- 
4V  with  conventional  vacuum  brazing  tecmiiques,  The  development  of  this  structure  was 
believed  to  have  jeopardized  the  joint  properties,  in  this  study,  although  the  joining  time  >s 
only  up  to  120  seconds,  the  Widmanstatten  structure  was  still  developed  even  it;  the  jni.v 
prepared  at  the  least  severe  condition  of  this  study.  Since  even  the  least  severe  processing 
condition  has  evolved  the  Widmunstutten  structure,  It  is  unlikely  that  there  is  an  optimum 
joining  procedure  in  which  the  Widmanstatten  structure  can  be  eliminated  in  the  as  joined 
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specimen,  However,  due  to  the  fact  that  this  structure  is  the  result  of  the  micro-segregation 
during  the  solidification  stage  of  joining,  it  can  be  removed  via  a  post  heat  treatment  practice 
should  this  structure  be  not  tolerable  in  the  final  product. 

Effect  of  Infrared  Joining  on  TI-6A1-4V  Base  Materials 

Long  heating  times  above  955  °C  have  been  reported  to  cause  excess  grain  growth  und 
p-phusc  embrittlement  of  Ti-6AI-4V|3).  In  this  study,  although  joining  was  performed  up  to 
1250  °C,  since  the  joining  time  was  extremely  short,  i.e.  2  minutes  at  most,  there  wus  little 
grain  growth  observed.  Figure  4  shows  the  microstructure  of  the  as  received  and  infrared  heat 
treated  (1250  nC  for  120  seconds)  TI-6AI-4V  tecimcns  etched  with  u  2  ml  HF  in  HX)  ml 
water  etching  solution  fur  10-20  seconds.  Both  the  grain  size  and  the  o/p  phase  ratio  remain 
unchanged  from  the  heat  treatment,  In  order  to  determine  the  effect  of  the  infrared  joining 
cycle  on  the  tensile  property  of  the  Ti-6AI-4V  alloy,  six  dog-bnne  tensile  specimens  were 
prepared  with  EDM  to  a  dimension  of  10  x  1,5  x  0,3  cm  with  a  the  m.e  area  being  3,5  x  0,65 
cm.  Four  of  the  specimens  were  infrared  heated  to  1 100  °C  for  60  seconds,  All  specimens 
were  mechanical  tested  at  a  strain  rate  of  0,127  cm/min,  Results  show  that  no  weakening  of 
the  test  specimens  was  detected.  This  constitutes  another  advuntuge  of  infrared  joining  over 
other  joining  techniques  for  Ti-6A1-4V  reported  in  the  literature. 


Figure  4,  Base  Material  Mlcrostructural  Comparison  of  TI-6AI-4V  Before  After  Ik  Joining 
Joinirm  of  Titanium  Matrix  Composites 

The  joined  TMC,  P21S/SCS-6,  samples  were  tested  by  the  shear  method  used  above 
in  order  to  obtain  sheur  strengths  for  the  joined  lap  specimens^].  The  strain  rate  used  was 
.254  mm/mln  for  all  cases,  In  order  to  determine  the  effects  of  the  heating  cycle  during  joining 
on  the  degradation  of  composite  fibers  and  the  properties  of  the  TMC,  a  separate  expit intern 
was  carried  out  by  exposing  the  TMC  specimens  to  the  IR  brazing  conditions.  Three  point 
bend  tests  were  conducted  on  the  as  received  and  thermal  cycled  TMC  in  order  to  establish  the 
strength  and  modulus  of  the  TMC.  SEM  examinations  were  performed  oi.  the  os-received  and 
IR  cycled  TMC  in  order  to  establish  if  any  expansion  of  the  reaction  zone  around  Vhc  fiber  had 
occurred,  Optical  examinations  of  the  cross  sections  of  the  debondesi  TMC  joint  were  also 
conducted  to  reveal  the  plane  of  failure. 

Effects  of  Infrared  Joining  on  the  Titanium  Matrix  Composite  U21S/SCS-6 

Joint  shear  strengths  of  285.6  MPa  were  obtained  for  the  IR  joined  P21S/SGS-6  TMC 
(8).  Optical  examinations  of  cross  sections  of  the  TMOTMC  joints  show  no  void  content.  The 
three  point  bend  tests  on  the  TMC  samples  revealed  that  there  is  little  change  in  flexural 
strength,  approximately  3%,  due  to  the  IR  temperature  cycling  Tills  suggests  that  there  is  no 
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detrimental  effects  occurring  to  the  TMC  during  joining  of  shear  samples,,  Also,  a  2.5  %  total 
strain  was  observed  in  the, thermal  cycled  sampler  which  further  suggests, that  no  detrimental 
effects  occU,red  in  the  base  TMC  as  a  result  of  the  infrared  jeming.  Scanning  electron 
microscopic  examinations  of  the  reaction  zone  between  the  fiber  and  matrix  reveal  no  change 
In  the  reaction  zone  size,  litis  indicates  that  the  rapid  Infrared  Joining  technique, is  so  rapid  that 
essentially  no  mlcrostnictu/al  ojodhinatlcn  Is  made  to  the  base  TMC. 

The  plane  of  failure  of  the  TMC/TMC  was  in  the  joint  area  for  the  RIJ  samples.  There 
was  delamlnatbn  effects  Observed  in  corn’e/itibnal  joining  of  TMC[8),  Such  deiamlnatlon 
phenomenon  of  the  TMC  In  thi  converttlohul  ptOccssihg  Is  believed  to  be  duo  to  the  brazing 
affected  zone.  The  RJ,I  processed  TMC  tithed  cross  mutant  in  add  outside  the  joint  areis 
further  depict  ththfherz  isllPJe  to  no  braze  sffeiusd '<otte,  , 

A  compariron  dt  conventional  vacuum  (’fazing  of  (J21-C,'SCS‘6TMC  and  RIJ  joining 
of  B21S/SCS-TTMC  reveals  that  tiie  shear .aVrenMnt- Wf  ,he'  RIJ  joined  material  are  12,3% 
larger.  Aiso,  the  conventional  process  shows  k  18'%  degradation  in  the  room  temperature 
strength  of  the.  TMC  due  to  processing,  asutimingn  Ntree  pol.it  bend  test  was  used  to  obtain 
strength  value?,,  Or.  the  other  hand,, a  3%  degrade  In  the  Mo  TMC  was  observed  when  three 
point  bend  tests  wees  performed  on  ths  RIJ  thermal  cycled  TMC  wbMi  within  experimental 
error,  Furthermore,  the  conventionally  processed  TMC  showed  ati‘,9  %  total,  strain  while  the 
RIJ  process  TMC  shewed  a  z.5-2.6  %  total  tertln  v,t  i  ypr.i  temperature[X], 


conclusions;  '  .  ■ 

Joining  of  T1-6AI-4V  and  (121S/SCS-6  has  beilv  studied  applying  a  rapid  Infrared 
joining  technique  ebing  developed  affhe  University  of  Cincinnati.  The  Join  In'-  wuti  performed 
at  tpmperttums  between  1000  and  12M)  CC  and  times  between  10  and  120  seconds,  Excellent 
joints  were  obtained  using  TI-15NI-(5Cu  Wl%  as  tlte  joining  flllb:1 material.  A  maximum  joint 
shear  strength  Of  544  MPa  was  obuined  for  Ti'6Al-4V  when  processed  nt  1 100  “C  for  60 
seconds.  It  was  observed  mat, the  width  of  the  join1.  iti.  teases  linearr/  vybJi  time  at  a  constant 
enij'eraut/t.  However,  tliaro  is  >to  definite  convlatiun  U, tween  the  joint  Strength  and  the  joint 
zone  width,  IR  joining  of  [t2i?5/SCS-d  revealed  void  free  joints  with  shear  strengths  of  285,6 
MPa  at, a  processing  temperatuie  of  lObC'C  and  titne  of  10  seconds.  The  TMC  maintained 
97%  of  its  origin^  flexural  strength  after  iiilmird  processing  while  producing  the  largest  joint 
shear  strength  available  ip  the  literature. 
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ABSTRACT 

Capacitor  dlichargu  welding  (CDW)  is  t  rapid  solidification  joining  process  where 
high  cooling  rates  (10*  K7s)  are  obtained  as  a  result  cf  the  large  weld  surface  area  to  small 
weld  volume.  The  objective  of  this  study,  directed  by  the  U.S.  Bureau  of  Mines  and  the 
Oregon  Graduate  Institute  cf  Science  and  Technology,  was  to  use  ultra-high  speed 
photography  to  quantify  transient  arc  behavior  during  the  CDW  cycle.  The  simple 
cylindrical  geometries  of  the  CD  welds  have  been  used  to  formulate  analytical  models 
which  are  compared  to  the  high  speed  photographs  of  the  welding  process.  The  high  speed 
photogiaphs  vert  analyzed  with  respect  to  welding  time  and  process  weld  variables  and 
comparer  to  iirodlctod  values  from  the  analytical  model,  The  detailed  photographic 
analyses  revealed  tL.t  material  is  continuously  ejected  as  a  plasma  from  the  weld  area  due 
to  Induced  magnetic  forces,  rather  tnan  having  file  liquid  metal  squeezed  out  of  the  weld 
upon  contact.  •>  was  found  that  welding  time  was  controlled  by  tip  length  and  drop  height. 
Results  from  high  speed  photographs  found  the  arc  travel  speed  around  tube  welds  to  be 
I09;itls.  Finally,  the  high  Svwcd  photographs  revealed  that  the  velocity  of  arc  propagation 
during  ignition  was  fist  enough  to  allow  the  CDW  process  to  be  modelled  as  one- 
dimensionul  I, eat  flow. 


INTRODUCTION 

The  capacitor  dlsch'irge  (CD)  welding  unit  consists  of  a  capacitor  bank,  a  power 
supply  for  charging  the  capacitors,  and  the  electrodes  to  be  welded,  This  unit,  in 
operation,  is  shown  !n  Fig.  1.  The  actual  welding  process  takes  from  1  to  3  ms,  using  a 
current  of  about  I'CT*  A  (DC).  Initial  contact  starts  at  the  welding  tip  with  lip  length 
controlling  the  welding  time.  Recent  studies  hnve  shown  that  cooling  rates  during  CDW 
approuch  106  K/s,  making  CDW  a  rapid  solidification  process.12 

The  purpose  of  the  CDW  investigation  was  to  determine  the  characteristics  of  arc 
inltlotlon  and  propagation,  the  interaction  of  the  met'd  plasma  with  the  Induced  magnetic 
Held,  and  the  flow  behavior  of  the  metrl  plasnWnolten  metal  upon  Joint  closure,  Ultra- 
high  spe-sd  photography  was  u$,*d  to  develop  a  mathematical  model,  capable  of  predicting 
arc  behavior  and  welding  time.  In  anolhtr  study,  the  result  from  the  high  speed 
h  olography  coupled  vdih  a  one-dimensional  fir.lta  element  heat  transfer  model,  were  used 
to  predict  the  weld  thickness,  amount  of  e.*, polled  mead,  cooling  rate,  and  the  solidification 
parameter  as  a  'unction  of  time  and  distance  from  th  .  rveld  centerline,4 

The  Impc  tarn  factors  controlling  the  •  IDW  process  are  welding  tip  length, 
capacitance,  voltage,  air  electrode  separation,  he.,  drop  height,  Figure  2  is  a  schematic 
representation  of  the  CDV7  eye,- ,  Figure  2a  chows  the  initial  position  of  the  cathode  with 
welding  tip  and  the  anode.  At  this  point  die  capacitor  lank  is  fully  charged  and  the 
resistance  of  the  circuit  is  infinite.  Figure  2b  shows  the  tip  of  the  cathode  striking  the 
anede,  .hus  discharging  the  capacitor  rank  and  initiating  die  aro,  The  arc  quickly  spreads 
across  the  electrode  face  and  metr.i  plasma  streams  away  from  the  jcir.t  (Fig.  2c).  At  this 
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Fig.  1 .  Capacitor  discharge  welding  process  used  to  join  metal  cylinders, 


Fig.  2,  Time  process  of  CDW  process:  («)  cathode  positioned  above  anode;  (b)  arc  ignition 
ut  the  welding  tip;  (c)  plasma  expulsion;  (d)  ejection  and  condensation  of  plasma 
into  small  metal  particles;  and  (e)  CD  joint  after  electrode  contact. 
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instant,  the  resistance  of  the  circuit  is  2  X  104  ohms,  As  the  plasma  moves  away  from  the 
joint,  the  superheated  vapor  cools  and  condenses  into  spherical  metal  particles.  The  plasma 
and  solid  particles  continue  to  move  away  from  the  weld  joint  in  trajectories  defined  by  the 
magnetic  field,  Figure  lie  shows  All)  electrode  contact,  The  resistance  of  the  circuit  at 
contact  decreases  to  zero  as  the  arc  is  extinguished  and  the  layer  of  liquid  metal  at  the 
electrode  interface  solidifies  to  form  the  joint.  Figure  3  shows  the  microstructure  of  CDW 
304  stainless  steel.  Planar  solidification  occurs  at  the  base  metal-weld  interface,  but 
changes  to  columnar  solidification  with  narrow  cell  spacings  as  the  weld  centerline  is 
approached.  Near  the  weld  centerline,  the  cell  spacing  is  wider,  a  direct  result  of  the 
slower  solidification  rate. 

Since  CDW  is  a  rapid  solidification  process,  It  has  several  commercial  benefits  in 
terms  of  metallurgy  and  manufacturing,  The  CDW  process  leads  to  increased  solute 
solubility  and  stability  of  metastable  phases,  In  dissimilar  CD  welds,  deleterious 
equilibrium  intermetallic  phase  formation  is  suppressed  and  only  small  discontinuous  Islands 
of  intermetallics  form  in  the  weld  zone.  The  fusion  zone  (FZ)  in  CD  welds  is  very  thin, 
approximately  100  pm  thick,  and  the  heat  affected  zone  (KAZ)  is  also  very  narrow.  The 
CDW  process  is  fast  and  cost  effective;  moreover,  the  process  can  be  automated  to  produce 
high  production  rates.  CD  welds  do  not  penetrate  through  base  metals,  so  parts  can  be 
welded  onto  sealed  containers. 

Some  of  the  practical  problems  associated  with  the  CDW  process  include  limitations 
on  weld  size  due  to  the  finite  amount  of  energy  stored  in  the  capacitor  banks.  The  process 
also  requires  a  precision  arc  ignition  tip  to  initiate  the  welding  process.  Finally,  although 
dissimilar  metals,  composites  or  ceramics  can  be  welded,  they  must  be  electrically 
conductive. 


EXPERIMENTAL  PROCEDURES  AND  MATERIALS 

Various  electrodes  were  used  in  the  CDW  experiments,  The  FcjAl  intermetallic  alloy 
was  vacuum  induction  cast.  Electrodes  for  the  dissimilar  metal  welds  were  made  from 
commercially  available  304  stainless  steel  and  6061-T6  aluminum  rods.  Each  CDW 
experiment  used  a  pair  of  6.35  mm  diameter  by  16,5  mm  long  electrodes.  Each  cathode 
had  an  ignition  tip  machined  at  the  center  of  the  cylinder  base.  Tip  lengths  were  varied 
from  0.63  mm  to  1.65  mm,  while  the  tip  diameter  remained  0,5  mm.  Tube  weld 
specimens  were  made  from  6.35  mm  diameter  304  stainless  steel,  with  a  wall  thickness  of 
1.01  mm.  A  60”  beveled  edge  was  machined  on  the  end  of  the  tubular  specimen  to  act  as 
the  ignition  tip. 

The  welding  equipment  consisted  of  a  Eric  Jones  (Model  PSWW-100)'  capacitor 
discharge,  production  welding  system.  The  welding  unit  uses  gravity  to  drop  the  cathode 
onto  the  anode  while  discharging  the  capacitor  bank.  Table  1  lists  the  welding  conditions 
used  in  these  experiments.  Four  primary  welding  parameters  were  selected  for  evaluation 
in  this  investigation;  drop  height,  tip  length,  voltage  and  capacitance, 

High  speed  photography  was  used  to  capture  the  CDW  process  events.  A  Hycam  16 
mm  high  speed  camera  equipped  with  a  1/4  frame  rotating  prism  allowed  a  top  speed  of 
44,000  frames/second.  Kodak  Ektachrome  2253  high  speed  daylight  film  (450  foot  rolls) 
was  used  to  record  each  weld  experiment.  The  film  had  an  ASA  of  400  and  was 
commercially  processed,  To  ensure  that  the  camera  was  at  fall  speed,  a  one-second  delay 
was  used  before  the  welding  process  was  started,  On  several  CDW  experiments,  an  intense 
1000  watt  spotlight  was  used  to  illuminate  the  weld  area  prior  to  arc  initiation. 


‘Reference  to  specific  products  does  not  imply  U.S.  Bureau  of  Mines  endorsement. 
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TABLE  I 


]  Welding  Conditions  | 

Voltage 

90-100  V 

Capacitance 

80,000  n F 

Drop  Height 

50  mm 

Tip  Length 

0.63-1.4  mm 

Film  Speed 

44,000  frames/s 

RESULTS  AND  DISCUSSION 

Ultra  high  speed  photography  was  used  to  record  the  CDW  of  similar  metals  with 
different  tip  lengths,  dissimilar  metal  joining,  and  the  joining  of  stainless  steel  with  various 
electrode  geometries.  Figure  4  Is  a  high  speed  photograph  of  a  typioal  arc  strike  observed 
at  the  onset  of  the  CDW  process.  The  cathode,  with  its  1 . 1  mm  long,  0.5  mm  diameter 
tip,  can  be  seen  above  the  anode.  An  inverted  cone  shape  Is  often  seen  In  the  first  homo 
of  arc  initiation,  indicating  the  ignition  tip  has  contacted  the  anode.  If  the  arc  had  Jumped 
the  gap  between  the  cathode  and  anode,  the  shape  of  the  ignited  arc  would  have  been  cone 
shaped,  but  with  its  base  on  the  anode.  At  44,000  frames/second,  the  elapsed  time 
between  frames  is  22.7  ps.  Within  44  ps,  the  are  has  spread  across  the  surface  of  the 
anode.  Compared  to  the  total  arc  time  of  1,5  ms,  97%  of  the  arc  process  is  between  the 
electrodes  as  determined  by  the  one-dimensional  heat  transfer  model.1 

After  arc  initiation,  metal  plasma  is  expelled  from  the  CDW  Joint.  Figure  5  (Frame 
P-2-14)  illustrates  the  process  of  plasma  expulsion  due  to  arc  magnetic  forces.  The 
magnitude  of  the  arc  force  (FAhc)  i*  defined  by  Kq,<l)5 


F  « 


(I) 


where  p0  is  the  permeability  of  free  space  and  I  Is  the  current.  When  the  current  Is  132 
kA,  for  example,  an  arc  force  of  877  N  is  calculated  from  Eq,(l).  Thus,  the  plnstna  Is 
expelled  from  the  Joint  at  a  velocity  of  35  m/sec,  as  mesured  form  high  speed 
photography. 

The  shape  of  the  plasma  cloud  (Fig,  5,  Frame  P-2-14)  Is  a  torus  and  is  due  to  the 
interaction  of  the  positively  charged,  metallic  plasma  with  the  current  induced  magnetio 
field,  A  schematic  representation  of  this  process  Is  shown  in  Fig.  6.  (Conventional 
electric  current  is  upward  in  the  opposite  direction  of  electron  flow  from  the  cathode  to  the 
anode.  The  magnetio  Held  vector  on  the  right  side  of  Fig.  6  is  into  the  page  while  the 
magnetic  Held  vector  on  the  left  side  is  out  of  the  page,  consistent  with  the  right  hand  rule 
from  electro-magnetic  theory,)  The  plasma  is  expelled  with  an  initial  velocity 
perpendicular  to  the  axis  of  the  electrodes,  The  plasma  experiences  a  Lorentz  force 
perpendicular  to  the  velocity  vector  and  changes  direction  as  it  moves  through  the  magnetic 
field.  The  plasma  moves  in  a  circle  with  its  radius  equal  to  3,17  mm,  as  measured  from 
the  photograph  in  Fig,  5  (Frame  P-7.-14).  A  radius,  R,  for  the  expelled  plasma  can  be 
calculated,  assuming  singly  charged  iron  ions  moving  at  a  velocity  observed  in  the  high 
speed  photographs,  using  Eq.(2) 
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Pig.  3,  CD  weld  of  ttajAl  at  100  V,  SO  mm  drop  height,  and  0.88  mm  Ignition  tip  length. 
The  plasma  "curl1'  has  a  rudlus  of  3. 17  inm. 
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Pig.  f>,  Illustration  of«thc  eiectiic  otmtn!  and  Induced  magnetic  field  lines  generate  1  during 
CDW.  Mugnetlu  field  lines  cut  through  the  puprr  as  indicated-  the  path  of  the  metal 
plasma  Ions  Is  cituulnr  with  u  radius  equal  to  R, 
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Where  m  is  the  mass  of  the  moving  ion, 
elapsed  time  from  arc  initiation,  is  the  charge  on  (lie  metal  ion,  na  is  the  permeability  of 
free  space  and  I  is  the  current  at  the  elapred  time  after  arc  initiation.  Eq,(2)  predicts  the 
plasma  radius  (Fig,  5,  Frame  M-14)  to  be  2,1  mm  ±0,8,  The  correlation  between  the 
observed  metal  plasma  behavior  and  the  predicted  values  from  Equation  2  strongly  suggest: 
(I)  the  plasma  consists  of  metal  Ions  with  a  single  charge,  or  greater;  (2)  the  magnetic 
field  Is  the  primary  force  controlling  the  plasma  behavior;  (3)  the  radius  Is  inversely 
related  to  ionic  charge  and  current;  (4)  the  plasma  radius  is  directly  related  to  the  ion  mass 
and  welding  time;  and  (3)  the  plasma  radius  is  related  to  the  square  of  the  Initial  velocity, 
Equation  2  through  4  were  derived  from  the  conservation  of  mass  and  energy  by  the 
author. 

As  the  electrodes  close,  several  important  observations  can  be  made  from  the  high 
speed  photographs.  After  arc  initiation,  metal  plasma  is  seen  to  continuously  stream  from 
the  CDW  joint.  At  joint  closure  (Fig,  7),  metal  plasma  ceases  to  be  expelled  from  the 
Joint.  As  the  plasma  cools,  it  condenses  into  hot  metal  particles  and  continues  to  move 
away  from  the  joint.  Contrary  to  popular  belief,  liquid  metal  is  not  extruded  from  the 
CDW  joint  after  electrode  contact  due  to  hydrodynamic  pressure,  Instead,  a  thin  film  of 
metal  remaining  on  ttie  electrodes  at  the  time  of  closure  rapidly  solidifies  due  to  the  good 
heat  transfer  between  molten  metal  and  electrode, 

The  elapsed  time  from  arc  Initiation  to  joint  closure  was  measured  for  several  CD 
welds,  with  various  tip  lengths  and  drop  heights.  Figure  8  illustrates  these  results,  Two 
CD  welding  trends  can  be  related  to  ignition  tip  length  and  drop  heigh'.  Increasing  the 
Ignition  tip  length  increases  the  CD  welding  time.  Conversely,  If  the  drop  height  Is 
Increased,  the  welding  time  is  decreased, 

The  current  In  thu  CDW  circuit  Increases  after  arc  Initiation  and  then  decreases  as  a 
function  of  the  resistor-capacitor  (RC)  time  constants.  As  the  electrodes  make  contact,  the 
circuit  resistance  decreases,  resulting  in  a  current  spike,  as  illustrated  in  Fig,  9.  The 
welding  time  Is  measured  from  the  start  of  current  flow  to  the  current  spike  at  electrode 
closure.  An  equation  was  developed  to  predict  the  welding  time  with  the  results  Illustrated 
as  dashed  lines  In  Fig.  8.  The  welding  time,  TWU  calculated  from: 


v  is  the  magnitude  of  tho  initial  velocity,  t  is  the 


V-kii. 

w  /Tg-ff 


(3) 


Where  L  Is  (he  welding  tip  length,  b  Is  the  distance  the  electrodes  melt  hack,  g  is  the 
acceleration  of  gravity,  and  H  is  the  drop  height.  Comroi  of  the  welding  time  Is  very 
important  in  CDW,  because  Tw  Is  directly  related  to  certain  metallurgical  characteristics, 
such  tut  weld  strength  and  weld  porosity.  For  example,  too  short  of  a  welding  time  results 
in  poor  eleeticde  fusion,  because  the  capacltots  cannot  discharge  into  the  weld  completely 
before  electrode  contact.  However,  the  molten  mtuu  of  the  electrode  suifaces  can  solidify 
before  joint  closure  if  the  welding  time  is  longer  than  the  RC  time  constant.  Bq.(3) 
suggests  the  most  important  factor  controlling  welding  time  is  tip  length,  The  melt  back 
distance  is  linearly  related  to  welding  time,  but  melt  bank  distances  ore  very  short  in  the 
CDW  process  compared  to  welding  tip  length,  At  high  heat  input,  however,  melt  baok 
distance  can  be  an  important  variable,  increasing  the  overall  welding  time.  The  square 
root  of  drop  height  is  Inversely  related  to  the  welding  time;  this  means  it  lias  a  lesser  effect 
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P-7-79 

P-7-80 

P-7-81 
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Fig.  7,  High  speed  photograph  of  Joint  closure  during  CDW.  Plasma  and  motal  particles 
continue  to  move  away  from  joint  in  trajectorica  described  In  Fig.  6. 
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Fig,  8.  Tip  length  as  a  function  of  welding  time  for  50  mm  and  25  mm  drop  heights. 
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Pig.  y.  Electrical  current  and  acceleration  of  the  cupucltor  as  a  function  of  discharge  time. 

The  current  Increase  at  2,5  ms  Is  due  to  u  reduction  in  circuit  resistance  on  electrode 
contact. 


Pig.  10.  SKM  micrograph  of  u  CD  welded  304  stainless  steel  (cathode)-6061  aluminum 
(anode)  couple.  Note  the  partially  mixed  zone  of  steel  and  aluminum  along  the 
weld  centerline. 
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on  the  weld  time  compared  to  tip  length.  It  is  interesting  to  note  that  drop  weight  is  not  a 
factor  in  Eq,(3),  Furthermore,  Danks0  and  Venkataraman  et  al.3  have  shown  that 
variations  in  drop  weight  have  an  insignificant  effect  on  welding  time. 


Due  to  the  rapid  solidification  characteristics  of  the  CDW  process,  joints  in 
dissimilar  metals  have  only  small  amounts  of  deleterious  Intermetaiilc  phases,  Dissimilar 
metal  couples  have  been  recently  examined  by  Dogan  et  al.1  Figure  10  Illustrates  a  joint 
between  a  304  stainless  steel  (cathode)  and  A1-6061-T6  (anode).  A  partially  mixed  zone  of 
the  primary  base  metal  constituents  is  observed  in  the  weld  zone.  However,  in  dissimilar 
welds  where  aluminum  was  used  as  the  cathode  and  304  stainless  steel  was  used  as  the 
anode,  significant  microstructural  differences  resulted,  For  example,  a  thinner  weld  is 
obtained  using  stainless  steel  as  the  cathode.  In  addition,  the  partially  mixed  zone  (PM7) 
in  the  3  weld  (Al  cathcde)  is  wider  than  the  PMZ  in  the  weld  which  uses  the  stainless 
steel  .thode, 

'Igh  speed  photography  was  used  to  examine  the  CDW  of  dissimilar  metals. 

Alumlr,  n  /steel  cathodes  wore  welded  to  steel/alumlnum  anodes.  No  observable 
differences  in  arc  Initiation  and  plasma  expulsion  could  be  determined  from  the  high  speed 
photographs.  Further  experimentation  Is  needed  to  clarify  the  source  of  the  metallurgical 
differences  in  the  dissimilar  metal  welds. 

Capacitor  Discharge  Tube  Welding 

Typically,  CDW  has  been  used  to  weld  fasteners  to  plate  or  sheet.  Recently, 
methods  for  welding  tubular  products  have  been  developed,  e.g,,  the  welding  of  304 
stainless  steel  tube  to  stainless  steel  plate  or  tube,  Some  of  the  Important  factors  to 
consider  when  tube  welding  Include:  (1)  welding  time  and  (2)  the  velocity  of  the  arc 
travelling  around  the  circumference  of  the  tube  arc  initiation,  As  with  the  CDW  of 
cylinders,  the  welding  time  must  be  controlled,  or  cold  welds  (l,e.,  poor  fusion  of 
surfaces)  with  little  strength  will  result,  If  the  welding  time  Is  too  long,  then  solidification 
of  the  weld  pool  occurs  before  the  electrodes  make  contact, 

Control  of  arc  velocity  is  Important  In  tube  welding,  because  the  arc  must  move 
around  the  tube  fast  enough  to  ensure  that  both  anode  and  cathode  are  still  liquid  upon 
contact.  Figure  1 1  shows  the  steady-state  CD  tube  welding  process.  Imagine  that  a 
tubular  cathode  is  cut  along  the  longitudinal  axis  and  then  flattened.  Assuming  the  cathode 
is  perpendicular  to  tho  anode,  the  arc  will  move  along  the  shortest  distance  from  the  anode 
to  the  cathode.  The  factors  controlling  the  melt  back  distance  include  the  geometry  of  the 
cathode,  the  energy  input,  and  the  heat  of  fusion  of  the  material,  The  relationship  between 
arc  velocity,  dx/<U,  and  the  CDW'  variables  in  COS  units,  Is  given  In  Eq.(4): 


«  2F3  f.J  \ 

dt  "  Rp  &Hrwb  P('  RC) 


(4) 


where  V  is  the  capacitor  charge  voltage,  R  Is  the  resistance  of  the  arc,  p  is  the  density  of 
the  material,  is  the  heat  of  fusion  of  the  material,  w  is  the  tubing  wall  ihickness,  b  is 
the  melt  back  distance,  t  is  time  ,  and  C  is  the  capacitance  Eq,  4  suggests  several 
Interesting  variables  for  controlling  the  arc  velocity  in  CD  tube  welds.  The  are  velocity  is 
directly  related  to  the  discharge  rate  of  the  capacitors.  Therefore,  at  the  beginning  of  the 
discharge  cycle,  the  velocity  Is  fast,  but  it  slows  at  a  rate  equal  to  the  RC  time  constant 
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Pig.  11.  Illustration  of  the  CD  tube  welding  process,  W  Is  the  wall  thickness  and  b  is  the 
melt  buck  distance. 


Fig  12.  Sequence  of  high  speed  photographs  of  an  arc  moving  (from  right  to  left)  around 
the  periphery  of  a  6.35  mm  diameter  tube.  The  arc  velocity  os  109  m/s, 
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until  it  reaches  zero  at  complete  discharge,  The  arc  velocity  is  also  directly  related  to  the 
square  of  the  voltage;  that  is,  slight  increases  in  voltage  will  produce  significant  quadratic, 
nonlinear  increases  in  arc  velocity.  A.s  would  be  expected,  electrical  resistance  and  the 
thermo-chemical  melting  factors  w,  b,  p  end  AHf  ute  inversely  related  to  arc  velocity. 

This  simply  meaVis  that  materials  with  high  melting  temperatures,  or  tubes  with  thick  walls, 
will  have  slower  arc  velocities. 

Figure  12  shows  a  high  speed  photograph  of  the  CD  tube  welding  process,  A  304 
stainless  steel  cathode,  6.3S  mm  In  diameter  with  a  1,0  mm  wall  thickness  and  a  60" 
beveled  edge,  was  welded  to  a  similar  stainless  steel  tube  anode,  Initial  welding 
conditions  were  90  V  and  80,000  pF,  The  first  frame  shows  the  arc  strike  at  the  right 
edge  of  the  tube  which  moves  to  the  left  at  109  m/s.  After  four  frames,  the  arc  has  moved 
completely  around  the  tube.  A  predicted  arc  velocity  from  Bq.(4)  of  I0£±  10  m/s  was 
calculated,  assuming  the  melt  back  distance  is  1  mm,  the  arc  resistance  is  10’z  ohms,  and 
the  energy  needed  to  melt  iron  is  1923  J/g.  Research  continues  in  the  area  of  CD  tube 
welding  in  order  to  determine  the  maximum  tube  weld  size  and  the  viability  of  joining 
dissimilar  metal  tubes. 


CONCLUSIONS 

Ultra  high  speed  photography  is  an  effective  means  of  examining  the  transient 
behavior  of  the  capacitor  discharge  process.  High  speed  photography  hits  shown  that 
welding  time  is  primarily  controlled  by  welding  tip  length.  Metr  1  plasma  is  continuously 
expelled  as  a  consequence  of  the  induced  magnetic  forcer  generated  during  CDW  and 
hydrodynamic  extrusion  of  weld  metal  after  joint  closure  is  an  insignificant  effect,  Finally, 
CDW  tube  welding  Is  possible  If  arc  velocity  and  welding  time  can  be  controlled. 
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Abstract 


Oiscontinuously  reinforced  A1  alloys  (DRAs)  are  diiTirult  to  join  usmg  conventional  fusion 
welding  techniques  due  to  Inhomogeneous  redistribution  of  the  reinforcements  and  rsacdon 
between  molten  A1  and  SIC,  Two  specialized  welding  techniques,  capacitor  discharge  welding 
and  flash  ‘voiding,  were  assessed  as  possible  ways  to  avoid  these  problems.  Using  these 
techniques,  welds  were  niiide  with  two  DRAs:  8009/SIC/l  lp  and  2009/S1C/15W,  Capacitor 
discharge  wetting  resulted  in  the  formation  of  Al-carbldes  in  the  weld  zones,  but  flash  welding 
produced  satisfactory  joints  in  both  DRAs, 


Introduction 


The  aerospace  Industry  is  seeking  A1  alloys  with  increased  elevated  temperature  strength  and 
increased  modulus  m  order  ;o  lower  aircraft  weight  and  improve  performance.  Discontinuously 
reinforced  A1  Alloys  (DRAs),  reinforced  with  SIC  whiskers  or  particles,  are  currently  receiving 
cons' deruble  attention.  Joining  DRAs  by  fusion  techniques  such  as  meMl/inert  gas  or  laser 
welding  is  problematical,  however,  The  high  temperatures  experienced  In  the  weld  zone  (WZ) 
can  cause  molten  A1  to  react  with  the  diC  reinforcements,  forming  undesirable  Ai-carbide 
precipitates.  In  addition,  the  reinforcements  can  redistribute  themselves  In  the  molten  weld 
pool,  resulting  in  an  inhomogeneous  distribution  of  the  reinforcements  in  the  WZ  and  degraded 
mechanical  properties. 

Two  joining  tno'hods  which  show  promise  for  overcoming  these  problems  were  given  a 
preliminary  assessment  ut  McDonneii  Douglas  Aerospace.  The  first,  capacitor  discharge 
welding  (CDW),  forms  joints  at  rapid  solidification  rates  with  very  narrow  WZs  [1,2].  Most  of 
;he  molten  material  produced  during  this  joining  technique  is  rapidly  squeezed  out  of  the  WZ 
before  solidification,  so  the  SiC  reinforcements  do  not  have  time  for  significant  redistribution. 
The  second  joining  technique,  flash  welding  (FW),  also  forms  joints  with  exceedingly  narrow 
WZs  [3],  FW  joints  experience  relatively  low,  localized  heating,  and  little  or  no  melted  material 
mmains  in  the  WZ.  CDW  and  FW  were  used  to  make  weld  specimens  from  8009/SiC/l  lp  and 
It  i()9fSIC/l  5w.  The  forme,1  alloy  is  a  hybrid  material,  consisting  of  a  rapid  solidification 
piocessed,  dispersion  strengthened  (RSP)  matrix,  reinforced  with  1 1  vol.  %  SiC  particles.  The 
composition  of  the  8<XW  matrix  is  nominally  AI-8.5Fe-l.3V-l.7Si  (wt.  %).  The  latter  alloy  is  a 
conventional  A!  tnntrix  composite,  reinforced  with  15  vol,  %  SiC  whiskers.  The  composition  of 
the  2009  matrix  is  nominally  Al-3.8Cu-l.3Mg-0.25Sl-0.lZn-0.05Fe  (wt.  %).  Both  CDW  and 
FW  have  been  shown  to  be  suitable  for  joining  RSP  A!  alloys  [4,5],  which  are  difficult  to  join  by 
conventional  techniques  even  when  free  of  SiC  reinforcements.  The  welds  were  mechanically 
and  metallogmphically  assessed,  and  the  results  will  be  discussed  in  this  paper. 
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figure  2,  CD  Wed  8009/SiC/l  lp,  shmvine 
inhomogeneous  redisrvl‘n:tion  W 
reinforcements  and  cracking. 


CDW  was  used  to  join  tiOOP  reinforced 
with  1 1.  vol,9b  particulate  SIC  at  three 
differen:  weld  energy  inputs,  225),  3?.4J,  and 
480J,  'Ihe  weM  t  ensile  strengths  am  plotted 
as  a  func'lon  of  trmperatu  e  In  Figure  1,  Due 
.0  >ack  of  mn'erial  (or  baseline  tensile  testing, 
the  baseline  rtrengtii  plotted  in  Figure  <  Is 
taken  from  [6|,  and  is  tor  sub-optimal  sheet 
ntu'ctjal,  whicl.  has  lower  btretigth  than  the 
ex:rudr  0  rod  used  for  CDW,  The  weld 
strengths  significantly  exceed  (he  strength  of 
this  sub-optima!  sheet  at  elevated 
temperatures,  and  It  is  lik-ly  that  the  welds  ure 
fully  as  strong  as  the  base  mcteti.il.  However, 
it  loom  temperature  and  2(X)  JC.  the 
specLmeris  failed  before  yielding,  and  even  it 
350°C  the  auctlllty  was  low,  The  specimens 
welded  using  225J  input  energy  were 


las 


substantially  weaker  at  all  temperatures,  but 
the  difference  between  the  3241  and  4B6J 
specimens  was  not  significant.  Failure  of  the 
CDW  specimens  generally  occurred  in  the 
W7„  Examination  of  the  W2  (Figure  2) 
shows  that  the  weld  mlcrostructure  is 
inhomogeneous,  and  n  crack  can  be  seen 
initiating  in  the  WZ,  Figure  3  shows  a  typical 
fracture  surface,  displaying  brittle 
transgranuiar  fracture,  as  well  as  large-scale 
cracking  through  the  WZ,  This  fracture  mode 
wus  generally  observed,  and  did  not  change 
with  this  weld  energy  input.  TEM  of  the  WZ 
(Figure  4)  shows  the  formation  oi'acicular 
precipitates.  These  have  been  studied  in  detail 
using  electron  diffraction,  and  were  identified  as  A^Cg  precipitates  formed  by  reaction  of  A1 
with  the  SiC  relnfrsrcemohts.  During  CDW  when  the  studs  come  into  contact  and  the  capacitor 
dlsehaigcr ,  extreme  temperatures  are  reached  locally,  producing  superheated  liquid  Al  which 
reacts  with  the  SIC.  Ai  lower  temperatures,  the  reaction  between  molten  A1  and  SIC  is 
comparatively  insignificant,  Due  to  the  likelihood  of  reaction  also  occuring  during  CDW  of 
2000/S IC/lSw,  f  'DW  welds  wee-  not  performed  on  that  allpy.  The  matrix  surrounding  the 
AI4C3  precipitates  in  Figure  4  has  a  cellular  structure,  typically  observed  in  the  WZ  of  CDWcd 
Al  alloys  like  8000  (4)  and  8019  (3).  This  structure  -esults  from  the  very  rapid  solidification  of 
the  weld  rone,  which  freezes  a  nonequilibrium  level  of  solute  into  the  matrix,  Welds  with  this 
cellular  structuic  show  high  tewille  strengths  [41,  so  if  the  reaction  between  Al  and  SIC  during 
CDW  of  8009/SlC'l  1  p  oould  be  eliminated,  it  is  likely  strong  joints  could  bo  produced. 


Figure  3.  Fracture  surface  of  weid  failure  in 
CDWed  8009/SIC/l  Ip, 


Figure  4,  Center  of  WZ  in  CDWed  8009/SiCVUp  showing  AI4C3  precipitates  formed  by 
mansion  of  superheated  Al  and  SiC. 


Figure  5.  Ultimate  tensile  strength  vs.  temperature 
for  FWed  8009/SiC/l  lp  (•  FW,  —  baseline). 


The  tensile  strength  of  FWed 
8009/SiCyi  lp  Is  shown  in  Figure  S. 
The  weld  strengths  are  comparable  to 
the  base  metal  at  room  and  elevated 
temperatures.  The  FW  upset  process 
strongly  deforms  the  specimens  In  the 
\VZ,  as  seen  In  Figure  6.  The 
deformed  material  extends  "200pm 
from  the  weld  center.  Strlatlons, 
which  are  a  characteristic 
mlcrostructura)  feature  of  the  8009 
matrix  and  are  normally  approximately 
straight,  can  be  seen  to  bend  >90°  in 
the  heat  affected  zone  (HAZ).  The 
width  of  the  WZ  Is  about  40pm,  which 
Is  significantly  wider  than  WZ  widths 


normally  observed  in  FWed  A1  alloys  (typically  <10pm),  It  is  probable  that  the  increased 
viscosity  of  the  SiC  reinforced  material  prevents  a  portion  of  the  molten  material  from  flowing 
out  of  the  WZ  during  flushing.  At  higher  magnification  (Figure  7),  the  distribution  of  SIC 
reinforcements  appears  fairly  uniform  in  the  WZ,  and  no  obvious  Al-carbides  or  other  large- 
scale  precipitates  are  present. 
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Figure  6.  FWed  8009/SiC/l  lp  showing  Figure  7.  WZ  of  FWed  8009/SiC/l  lp 

large  deformation  in  the  HAZ.  showing  uniform  reinforcement  distribution. 


The  tensile  strength  of  2009/SiC/lSw  as  a  function  of  temperature  is  plotted  In  Figure  8,  At 
room  temperature  and  200°C,  the  welds  are  comparable  in  strength  to  the  base  material,  No 
data  was  readily  available  for  the  baseline  strength  of  2009/SiC/15w  above  200°C.  Figure  9 
shows  the  weld  region,  and  it  can  be  seen  that  the  upset  process  alters  the  texture  of  the  SiC 
reinforcements  in  the  HAZ,  The  HAZ  Is  wide,  about  2mm,  and  the  striadons  which  typically 
run  in  the  extrusion  direction  in  this  alloy  bend  "90°  from  this  direction.  In  addition,  the 


Temper*  hire  (°C) 

Figure  8.  Ultimate  tensile  strength  vs.  temperature 
for  FWed  2009/SiC/15w  (•  FW,  —  bnseline), 


Btriatlons  appear  to  be  closer  together 
in  the  HAZ  than  in  the  bate  metal. 
Figure  10a  shows  the  base 
mlcroitruoture  in  the  material  at  higher 
magnification,  to  compare  to  Figure 
10b,  the  weld  microitructure.  The 
weld,  which  runs  vertically  through  the 
center  of  Figure  9,  is  vety  narrow 
(<20gm)  and  nearly  invisible.  The  SiC 
whiskers,  which  are  randomly  oriented 
in  the  base  microstructure*  are 
oriented  parallel  to  the  weld  plane  in 
the  WZ.  The  parallel  orientation  of 
the  whiskers  is  consistent  with  the 
direction  of  deformation  flow 
occutTing  during  FW.  The  orientntion 
change  does  not  appear  to  have  a 
strong  effect  on  longitudinal  tensile 
properties. 


Conclusions 


CDW  appears  to  be  unsuitable  for  Joining  SiC  DRAs.  The  SIC  reinforcements  are  typically 
not  uniformly  distributed  throughout  the  WZ  In  CDWed  SIC  reinforced  A1  alloys,  and  reaction 
can  take  place  between  A1  and  SIC  to  form  embrittling  AI4C3  precipitates  in  the  WZ.  These 
fuctors  result  in  low  ductility  joints  for  CDWed  DRAs.  FW  nppeurs  promising  for  both  of  the 
DRAs  examined  in  this  study.  The  WZ  was  typically  wider  for  these  DRAs  than  is  normally 
observed  in  non-reinforoed  A1  alloys,  but  the  WZ  is  nevertheless  much  more  narrow  than  those 
produced  using  conventional  welding  techniques,  The  material  that  remains  in  the  WZ  Is  never 
heated  enough  to  cause  any  reaction  between  A1  and  SiC,  and  the  WZ  is  free  of  embrittling 
precipitates.  The  FW  upset  process  heavily  deforms  the  specimens  up  to  -200pm  from  the 
weld  center.  The  SiC  reinforcements  change  their  orientation  significantly  In  the  WZ,  but  the 
longitudinal  tensile  properties  are  not  significantly  impacted  by  this  orientation  change, 
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Figure  9,  Microstructure  of  FWed 
2009/SlC/lSw. 
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Figure  10.  TEM  micrograph  of  (a)  base  mlcroitmcture  of  2009/SiCV  15w,  and  (b)  HAZ  in 
FWed  2009/SlC/15w  showing  alignment  of  whisker  reinforcements. 


References 


1.  J.  H,  Devletlan,  Welding  I.  fifi,  pp,  33-39  (1987), 

2.  W.  H,  Kearns  (ed.),  Welding  Handbook,  American  Welding  Soc„  pp,  282-294  (1978), 

3.  Jf.  E.  Gould,  T,  Z,  Stottler,  J,  Eng.  forOaa  Turbines  and  Power.  113.  pp.  177-183  (1993). 

4.  0.  S.  Schwartz,  S.-J,  Chen,  and  J.  H.  Devietian,  submitted  to  Script!  Meuill, 

5.  W.  A.  Baeslack  III,  K.  H.  Hou,  and  J.  H.  Devietian,  J,  Mater.  Sci.  Let.,  pp.  944-948  (1988), 

6.  "Results  of  8009/S1C/1  lp  Sheet  Qualification  Testing,  High  Strength  Discontinuously 
Reinforced  Al",  Evaluator  Team  Report  vol,  1,  Air  Force  contract  no,  F33733-89-C-1015. 


18# 


CD  WELD  INTERFACIAL  STRUCTURE  FOR  Al*Fe  BASED  COUPLES 

C.  P.  DOOAN,  R,  D.  WILSON  AND  J.  A,  HAWK 

U.  S.  Bureau  of  Minei,  Albany  Research  Center,  Albany,  Oregon  97321-2198 


ABSTRACT 

The  U.S.  Bureau  of  Mines  has  studied  the  capacitive  discharge  weld  interface 
between  A1  and  Fe  using  optical  and  transmission  electron  microscopy  (TEM).  Capacitive 
discharge  welding  (CDW)  is  a  rapid  solidification  process  in  which  the  amount  of  molten 
metal  at  the  interface  is  small  compared  to  the  sample  size.  As  a  result,  high  cooling  rates 
(10*  K/s)  can  be  achieved,  providing  a  weldment  made  up  of  small  grains.  Large  magnetic 
fields  produced  by  the  process  tend  to  mix  the  molten  metals  at  the  Interface  to  form  a 
complex  alloy,  the  nature  of  which  depends  upon  the  starting  electrode  materials.  This 
effect  is  characterized  by  a  marblecake  pattern  in  optical  micrographs.  The  amount  of 
mixing  is  related  to  the  melting  temperature  of  the  cathode  with  respect  to  the  anode. 
Increased  mixing  occurs  when  the  melting  temperature  of  the  cathode  is  higher  than  the 
melting  temperature  of  the  anode,  TEM  has  revealed  that  when  aluminum  is  the  anode 
material,  the  iron  grains  of  the  cathode  are  surrounded  by  a  layer  of  aluminum.  When  the 
iron  Is  the  anode,  a  thin  layer  of  Iron  surrounds  the  aluminum  grains. 


INTRODUCTION 

One  possible  method  of  joining  dissimilar  materials  Is  capacitor  discharge  welding 
(CDW),  a  rapid  solidification  technique1  that  has  evolved  into  an  efficient  method  for  stud 
welding.1  In  CDW,  energy  Is  applied  for  very  short  times  to  create  a  shallow  layer  of 
molten  metal,  whloh  cools  very  rapidly  (10*  K/s)  when  In  contact  with  a  large  thermal  heat 
sink,  As  a  result,  the  fusion  zone  (FZ)  is  narrow,  and  the  heat  affected  zone  (HAZ)  Is 
virtually  nonexistent, 

The  CDW  process  Involves  the  gravity  assisted,  axial  Impact  of  cylindrical 
specimens  with  subsequent  arcing  and  melting  (and  thus  joining)  of  the  materials  by  the 
discharge  of  a  capacitor  bank.  During  impact  the  arc  Is  extinguished,  and  any  excess 
molten  metal  is  expelled  prior  to  electrode  contact.  Attractive  features  of  CDW  include  the 
suppression  of  FZ  porosity  due  to  hydrogen  uptake  and  a  minimal  HAZ,3  In  addition,  the 
welds  tend  not  to  hot  crack  because  of  the  compressive  forces  developed  during  the  welding 
cycle.  Thus  the  microstructure  close  to  the  weld  is  cnaracterlstic  of  the  base  metal  and  is 
affected  little  by  the  joining  process.  The  width  of  the  fusion  zone  can  be  controlled  by 
varying  the  welding  parameters,  and  thus  the  cooling  rate,^6  For  example,  a  slow  cooling 
rate  (105  K/s)  leads  to  a  larger  FZ.  Faster  cooling  rates  ( >  10*  K/s)  result  in  much 
narrower  FZs. 


EXPERIMENTAL  PROCEDURE 

Electrodes  were  prepared  from  6Q61-T6  aluminum  and  commercial  purity  Iron  rod. 
(For  details  of  CDW  specimen  preparation  see  Ref,  7.)  The  6061  aluminum  contained  the 
following:  Al  (bal)-I.O  Mg-0.6  SI-0.6  Fe-0,2  Cu-0.2  Mn»0.2  Cr  (all  values  in  weight 


Mil.  Rfi.  toe.  Symp,  Proo.  Vol.  314.  «1IS3  Miltdili  listirch  aoelily 


170 


peicent),  The  iron  contained  a  number  of  minor  impurities.  The  drop  height  for  these  tests 
wus  51  mm  and  the  drop  weight  was  1.9  kg.  ’the  welding  operation  was  performed  at  90 
V  and  0.08  F, 

Optical  microscopy  and  transmission  electron  microscopy  (TEM)  of  the  FZ  and 
HAZ  were  performed  on  samples  sectioned  transverse  to  the  weld  centerline.  In  addition, 
x-ray  chemical  analyses  of  these  legions  were  performed  using  a  microprobe,  Knoop 
microhardness  measurements  (300  g  load)  were  made  from  the  base  metal  on  one  side  of 
the  weld  centerline  through  the  FZ  and  into  the  base  metal  on  the  other  side  of  the  weld 
centerline.  Each  indent  covered  a  lateral  distance  of  around  50  pm,  .'dependent  upon  the 
material  being  tested. 

Samples  were  prepared  for  TBM  examination  by  grinding  and  polishing  the 
transverse  sections  to  a  thickness  of  approximately  100  pm;  cutting  3  mm  discs  from  the 
sections,  insuring  that  the  weld  line  was  near  the  center  of  each  disc  and  dimple  grinding 
the  weldment  to  a  thickness  of  approximately  10  pm.  Samples  were  then  ion  milled  to 
electron  transparency  using  Ar  ions  with  a  5  kV  potential.  Samples  of  the  base  metal  A1 
and  Fe  were  similarly  prepared,  except  that  they  were  electropolished  to  electron 
transparency  using  a  1:4  solution  of  nitric  acid  in  methanol  and  a  1:9  solution  of  perchloric 
add  In  acetic  add,  respectively.  All  TEM  analyses  were  performed  at  100  kV.  Phase 
identification  was  through  a  combination  of  X-ray  Energy  Dispersive  Spectroscopy  (XEDS) 
and  electron  diffraction  analysis, 


RESULTS  AND  DISCUSSION 


Figures  1  and  2  are  optical  micrographs  of  the  At-Fe  CD  weld  and  the  Interfacial 
region  for  the  Al-Fe  CDW  couples.  At  low  magnifications  (Figs,  la  and  2a),  the  CD 
welds  look  quite  similar  regardless  of  whether  A1  or  Fe  Is  used  as  the  cathode  material. 

The  weld  is  thin,  with  no  evidence  of  cracking,  At  higher  magnifications,  however,  the 
variations  in  microstructure  with  cathode  material  become  apparent.  When  aluminum  is 
used  as  the  cathode,  the  amount  of  "mixing"  of  the  base  metals  and  Intermetalllc  phases  is 
less  than  that  observed  when  iron  is  the  cathode.  The  marblecake  structure,  or  partially 
mixed  zone,  created  when  A1  is  the  cathode,  forms  adjacent  to  the  iron  Interface  of  the 
welded  region,  as  seen  In  Fig.  lb.  The  marblecake  structure  forms  whet  A1  and  Fe  are  not 
intimately  mixed  in  the  liquid  weld  pool  because  of  the  rapid  solidification  process.*  Note 
that  the  marblecake  region  accounts  for  only  about  one-half  the  thickness  of  this  weld. 

When  Iron  is  used  as  the  cathode,  on  the  other  hand,  the  marblecake  structure  in  many 
places  accounts  for  the  entire  weld  thickness  (Fig,  2b).  In  both  cases,  weld  FZ  thickness, 
determined  from  optical  micrographs,  ranges  from  50  to  100  pm. 

X-ray  microprobe  traces  were  performed  on  the  marblecake  regions  of  the  weld 
interface,  and  an  example  of  one  such  region,  in  which  A1  is  the  cathode,  is  illustrated  In 
Fig,  3.  Each  line  on  the  micrograph  indicates  one  set  of  mlcropvobe  traces.  At  position  1 , 
the  componltlon  is  approximately  100*  Fe  (all  values  are  in  atomic  percent).  Between 
points  1  and  2,  the  material  has  a  near  stoichiometric  composition  of  FeAl,  and  at  point  2, 
the  composition  is  90*  Al,  At  point  3,  the  composition  of  the  weld  is  95*  A1  and  5%  Fe, 
As  the  trace  is  made  into  this  region,  the  atomic  percent  of  Al  decreases  to  a  low  of  43* 
(marked  on  the  trace  in  Fig.  3)  and  then  Increases  again  to  72*  at  4.  These  data  suggest 
that  there  are  pockets  of  near  100*  base  metal  intermixed  with  Fe-Al  Intermetalllcs  within 
the  weld,  and  correlates  well  with  TEM  observations  to  be  presented  shortly. 

Knoop  microhardness  measurements  were  made  on  each  set  of  welded  Al-Fe 
samples,  i.e.,  for  the  separate  cases  when  Al  and  then  Fe  served  as  the  cathode.  The 


Optical  micrograph  of  CD  Fig,  2. 

weld  In  which  Al  la  the 
cathode  and  Fo  la  the  anode. 

(a)  Low  magnification  and 

(b)  higher  magnification  of 
the  name  weld  showing  the 
partially  mined  weld  scone. 


Optical  micrograph  of  CD 
weld  in  which  Fc  Is  the 
cathode  and  Al  is  the  anode 

(a)  Low  magnification  and 

(b)  higher  magnification  of 
the  same  wold  showing  the 
partially  mixed  weld  scone. 


SEM  image  of  the  FZ  of  an  Al-oathode  Fe-anode  weld.  The  numbered  points 
and  lines  indicate  positions  of  microchemical  analyses,  its  described  in  the  text, 
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mtcrohardneu  of  the  Al,  well  away  from  the  FZ,  averages  119.8  (±  4.2)  kg/mm2, 
rogardleai  of  whether  the  mosufamcnts  are  marie  on  the  anode  or  the  cathode.  The 
miorohardness  of  the  bulk  Fe  is  165.1  (±  8.3}  kg/mm1,  When  Fe  is  used  as  the  cathode, 
the  haidness  begins  to  decrease  some  200  to  300  pm  from  the  interface,  falling  to  a  low  of 
77  kg/mm2  within  the  FZ.  The  Al  anode  counterpart  maintains  a  relatively  constant 
microhardness  from  the  bulk  up  to  approximately  100  pm  from  the  weld  centerline,  at 
which  point  tile  hardness  begins  to  decrease.  On  the  Al-anode  side  of  the  FZ,  the 
mlcroltardness  is  71  kg/mm1. 

When  Al  is  used  as  the  cathode  material,  the  microhardness  values  of  the  near-weld 
regions  on  both  the  Cathode  and  anode  sides  are  substantially  affected.  Some  2  mm  from 
the  Weld  centerline,  the  microhardness  of  the  Al  Is  about  1CM  kg/mm2,  and  the  hardness 
continues  to  drop  to  less  than  80  kg/mm2  at  about  1.3  mm  from  the  weld  centerline,  The 
mlcrohaidness  then  increases  u  the  weld  centerline  is  approached,  reaching  a  maximum  of 
104  kg/mm2 130  pm  from  the  weld  centerline,  The  corresponding  Fe  anode  shows  a 
significant  decrease  In  Its  bulk  miorohardness  in  this  weld  couple,  At  1 10  pm  from  the 
weld  centerline,  the  hardness  of  the  Fe  is  only  83  kg/mm2,  roughly  half  the  miorohardness 
of  the  bulk.  The  miorohardness  of  the  Fe  then  begins  to  increase  as  the  distance  from  the 
FZ  Increases,  rising  to  123  kg/mm2  400  pm  from  the  FZ.  The  average  Fe  hardness  Is 
120.9  (±  2.6)  kg/mm2  over  the  next  3  mm,  and  only  approaches  its  average  bulk  value  3.3 
mm  from  the  weld  centerline,  Prom  this  data,  it  *s  clear  that  while  the  HAZ  in  CDW  Al- 
Fe  is  narrow  when  Fe  is  used  as  the  cr.thode,  it  can  become  quite  substantial  if  Ai  Is  the 
cathode  material. 

BaioJlelitla 

TEN!  examination  of  the  base  metals,  several  centimeters  from  the  weldment, 
Indicates  no  change  in  microstructure  as  a  result  of  the  welding  process.  The 
microstructure  of  the  Al  Is  typical  of  that  of  a  6061  alloy,  and  includes  a  number  of  intra- 
and  trans- granular  a-AlFeSI  and  Mg23i  precipitates  (Fig.  4a),  The  base-metal  iron  Is 
primarily  ferritic,  with  an  occasional  small,  transgmnular  Fe-Cr  precipitate  (Fig.  4b). 

Weldments 

As  is  apparent  in  the  optir.J  micrographs  (Figs,  1  and  2),  the  microstructure  of  the 
weldment  does  not  change  in  an  orderly  manner  from  base  metal  to  base  metal.  Rather  it  is 
a  marblecake  mix  of  regions  of  metals  and  lntermetallics  that  gradually  changes  in 
composition  across  the  weld  from  Iron  to  aluminum,  Although  specific  features  vary, 
dependent  upon  which  material  is  the  anode  and  which  is  the  cathode,  the  general 
miorostructural  characteristics  of  the  fusion  zone  of  CD-welded  aluminum-iron  are  ns 
follows.  Some  30  to  100  pm  from  the  FZ,  the  grain  size  of  the  base  metals  decreases,  and 
the  size  of  the  a-AlFeSi  precipitates  within  the  Al  alloy  increases,  although  this  is  strictly  a 
qualitative  observation  and  has  not  yet  been  quantified.  Outside  of  this  region,  however, 
there  Is  no  obvious  change  in  microstructure  with  change  in  cathode  material  that  explains 
the  large  variations  In  mlcrohardneiis  described  previously.  At  the  tron-FZ  interface  (Fig. 
3),  there  is  a  narrow  region  of  equlaxed  FcjAI  grains,  followed  by  an  area  of  mixed  FeAl 
and  FejAI.  The  FejAl  grains  at  the  Interface  frequently  contain  fine,  transgranular 
precipitates  that  are  tentatively  identified  as  FcAljO*;  these  precipitates  also  form  in  the 
base  metal  adjacent  to  the  interface,  in  rows  perpendicular  to  the  FZ.  When  iron  is  the 
cathode  material,  the  intermetallic  grains  are  frequently  bounded  by  an  Al-rich,  amorphous 
phase,  and  larger  a-Fe  grains  are  also  present  within  the  FZ. 

On  the  aluminum-side  of  the  FZ,  columnar  Al  grains,  bounded  by  an  Fe-Al 
Intermetallic  phase,  form  with  their  long  axes  at  an  angle  to  the  A1-P7,  interface,  as 
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Fig.  4.  TEM  Images  of  the  base  metuls  several  centimeter;';  from  the  FZ,  (a)  A1  and 
(b)  Fe, 


Fig.  5.  The  Fo-FZ  Interface,  In  this  Fig,  6. 
case,  Fe  is  the  cuthode. 


The  Al-FZ  Interface.  Hem 
A1  is  the  cathode  material, 


Fig.  7, 


Region  of  cellular  Al  within  the  FZ  of  the  CD  weld  in  which  Fe  is  the  Cathode 
material,  The  cellular  phase  Is  Fe-rich, 
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illustrated  in  Fig.  6.  When  iron  is  the  cathode  material,  the  columnar  Al  grains  tend  to  be 
coarser  than  when  aluminum  is  the  cathode.  And  in  fact,  the  overall  scale  of  the 
microstructure  within  the  FZ  tends  to  be  coarser  when  iron  is  the  cathode.  In  the  welds  in 
which  Al  is  the  cathode,  a  narrow  zone  of  AtjFe  grains  may  also  form  at  the  Interface 
between  the  base-metal  Al  and  the  columnar  Al  grains,  as  illustrated  in  Fig.  6.  These 
AljFc  grains  are  oriented  with  their  {001}  planes  perpendicular  to  the  interface.  This 
{001}  grain  orientation  Is  a  preferred  growth  dhection  In  many  cubic  materials.  During 
solidification,  grains  with  their  "easy  growth  direction  parallel  to  the  direction  of  the 
maximum  temperature  gradient"  grow  at  the  expense  of  grains  which  are  not  so  favorably 
oriented.* 

The  central  regions  of  the  FZ  generally  consist  of  mixed  ateas  of  metals  and 
imermetalllcs.  If  Al  is  the  cathode,  the  combination  is  of  equlaxed  FeAl  and  FejAl  grains 
and  columnar,  faulted  Ai,Fe.  (Diffraction  analysis  suggests  that  these  faults  are  stacking 
faults  on  {001}  planes,  with  u  displacement  vector  in  the  (010]  direction.)  "Pipes’  of  an 
amorphous,  Al-rich  phase  form  boundaries  between  these  different  regions.  When.  Fe  is  the 
cathode,  the  microstructure  is  similar,  with  mixed  regions  of  Fe^AI,  FeAl,  AljFej,  and 
faulted  AljFc,  In  addition,  on  the  Ai-slde  of  the  FZ,  there  are  pockets  of  cellular,  and 
cellular-dendritic  Al  grains  (fig.  7),  with  an  Al-Fe  intercellular  phase  and  occasional 
intermetallic  primary  particles.  The  cellular  spacing  varies  from  pocket  to  pocket  in  this 
region. 


CONCLUSIONS 

Capacitor  discharge  welding  is  an  effective  technique  to  Join  dissimilar  metals, 
producing  narrow  welds  with  little  or  no  cracking.  The  joining  of  Iron  to  aluminum  results 
in  a  FZ,  consisting  of  a  mix  of  base  metals  and  intermetallic  phases,  that  possesses  a 
marblecake  appearance.  The  overall  effect  of  the  welding  process  on  the  microstructure 
can  be  localized  to  a  region  of  several  hundred  micrometers  on  either  side  of  the  centerline 
of  the  weld,  and  depends  upon  the  choice  of  anode  and  cathode  materials.  For  Al-Fe 
couples,  the  use  of  Fc  as  the  cathode  limits  the  size  of  the  FZ  and  MAZ  to  a  total  width  of 
about  400  pm.  However,  if  Al  Is  used  as  the  cathode,  the  FZ  renidns  small,  but  the  HAZ 
encompasses  about  5  mm,  with  the  major  effect  occurring  in  the  Fe  anode. 
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ABSTRACT 

The  process  of  self-propaga'lng  high-temperature  synthesis  offers  potential  for  joining 
similar  or  dissimilar  combinations  of  heat-resisting  or  refractory  metals  and  refractory  or 
corrosion  resistant  oxide  or  nonoxide  ceramics  or  intermetallics  by  using  the  exothermy 
inherent  in  the  synthesis  reaction.  The  process  offers  unique  capability  for  producing 
functionally  gradient  material  joints  between  dissimilar  materials  to  overcome  mismatches  in 
chemical,  mechanical  and  physical  properties,  facility  for  incorporating  reinforcing  phases  in 
the  filler,  and  exceptional  efficiency  given  that  the  energy  for  joining  is  largely  internally 
generated.  A  systematic  study  of  the  fundamentals  of  the  process  critic  '  for  joining  in  either  a 
primary  or  a  secondary  mode  is  being  undertaken.  Specialized  fixture  c  being  employed  to 
study  the  role  of  substrate  temperature  in  bond  formation  and  strength,  and  the  role  of 
precompaction  density  and  applied  pressure  on  joint  density.  A  Gleeble  thermomechanical 
simulator  is  being  used  to  study  the  role  of  teactant  composition,  reactant  panicle  size,  heating 
rate  and  reaction  mode,  precompaction  and  applied  pressure,  and  atmosphere.  Ultimately,  a 
model  of  the  SHS  process  for  joining  will  be  developed  to  facilitate  joint  design,  predict  joint 
properties,  and  enable  intelligent  control. 


BACKGROUND 

Designers  are  increasingly  looking  to  oxide  and  nonoxide  ceramics  and  intermctallic 
compounds,  in  both  monolithic  and  reinforced  forms,  to  achieve  enhanced  performance  in 
severe  corrosion,  wear  or  temperature  environments.  Frequently,  these  materials  must  be 
combined  with  corrosion-  or  heat-resisting  metals  to  provide  needed  structural  integrity, 
particularly  to  accommodate  load-induced  strain  or  shock,  or  to  keep  the  resulting  optimized, 
hybrid  structure  affordable.  Joining  of  ceramics,  intermetallics  or  their  composites,  in  similar 
and  dissimilar  combinations  with  one  another  or  with  metals,  poses  numerous  challenges 
arising  from  inherent  characteristics  of  one  or  more  of  the  materials  or  from  incompatibilities 
between  materials.  Chemical  decomposition,  sublimation  without  melting,  loss  of  long-range 
order,  brittleness,  and  sensitivity  to  thermal  shock  limit  inherent  weldability,  while 
incompatibility  between  chemical,  mechanical  or  physical  properties  complicate  production  of 
hybrid  joints.*-2  Clearly,  new  joining  processes  are  needed. 

Self-propagating  high  temperature  synthesis  (SHS)  or  combustion  synthesis  offers  meat 
promise  as  a  joining  process  for  advanced  materials  and  hybrid  structures  therefrom,"  By 
taking  advantage  of  the  energy  generated  internal  to  the  synthesis  reaction,  simultaneous 
consolidation  by  reactive  sintering  has  already  been  demonstrated  and  employed,4'**  while 
joining  has  been  shown  feasible  but  remains  to  be  developed.6'7  Advantages  inherent  to  the 
SHS  process  for  joining  Include:  (1)  energy  efficiency  (given  that  energy  for  joining  is 
generated  internally);  (2)  capability  for  joining  in  a  primary  mode,  while  one  or  more  of  the 
joint  materials  are  being  synthesized,  or  in  a  secondary  mode,  in  which  two  or  more  preexisting 
substrates  or  joint  elements  are  joined;  (3)  suitability  to  the  production  of  functionally  gradient 
material  (FGM)  joints  that  bridge  chemical,  mechanical  and  physical  property  mismatches  by 
grading  composition  from  one  joint  element  to  the  other;  (4)  potential  for  incorporating 
reinforcing  phases  within  joint  filler  to  produce  a  composite;  and  (3)  similarity  to  the  process 
that  was  or  could  have  been  used  to  produce  the  substrate  material(s). 

Despite  the  need  for  an  advanced  process  for  joining  advanced  materials,  and  the 
numerous  potential  advantages  of  SHS  as  a  joining  process,  little  is  known  about  how  the 
process  enn  or  should  be  practiced  to  advantage  for  joining. 
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RESEARCH  OBJECTIVES 

The  objective  of  on-going  research  at  Rensselaer  is  to  systematically  investigate  and 
develop  SHS  or  pressurized  combustion  synthesis  for  joining  monolithic  or  reinforced 
ceramics  and  intermetaliics  to  themselves,  to  one  another,  or  to  metals.  The  goal  is  to 
thoroughly  understand  the  mechanism  of  bond  formation,  to  characterize  the  role  of  key 
processing  parameters,  to  optimize  the  process,  and,  ultimately,  to  develop  a  model  to  enable 
bonding  predictions,  process  and  property  optimization,  and  intelligent  process  control. 


TECHNICAL  APPROACH 

Cooperative  and  Multidisciplinary  Approach 

Until  now,  SHS  Joining  R&D  has  not  been  the  focus  of  joining  specialists,  but,  rather, 
of  ceramists  as  a  variant  of  the  basic  synthesis  process  to  some  other  end.  Joining  specialists 
tend  to  approach  the  challenge  of  joining  from  a  broader  perspective,  considering  the 
challenges  of  secondary  joining  of  preexisting,  fully  dense  substrates  as  much  or  more  than 
primary  joining  of  green  parts  during  material  synthesis.  In  this  effort,  joining  specialists  are 
working  in  cooperation  with  specialists  in  ceramic  and  intermetallic  materials,  powder 
processing,  and  material  characterization  in  an  essential  multidisciplinary  approach. 


Key  Process  Variables 

There  are  several  problems  related  to  successfully  employing  SHS  for  joining,  The  first 
is  achieving  wetting  and  bonding  to  a  preexisting  substrate,  as  opposed  to  producing  a  joint  in 
situ  during  fabrication  of  the  joint  end  elements  and  filler.  For  successful  bonding  to 
preexisting  substrates,  sufficient  heal  must  be  developed  by  the  reaction  at  the  interface  to 
either  cause  melting  and  wetting  or  solid-state  reaction  or  Interdlffuslon.  Substrate  temperature, 
reaction  mode  (i.e„  self-propagating  or  simultaneous  combustion),  and  substrate  surface 
condition  (including  reaction  atmosphere)  are  key  variables  that  need  to  be  evaluated  and 
understood.  A  second  problem  is  producing  a  dense,  porosity-free  joint.  Several  factors  lead  to 
poor  density  during  SHS  including  residual  packing  porosity,  reaction  product  expansion,  or 
entrapment  of  previously  dissolved  gases  or  gaseous  reaction  by-products.  The  key  variables 
that  need  to  be  evaluated  are  precompaction  density  of  the  reactant,  reactant  particle  size  and 
size  ratios,  and  applied  pressure-time  profile  during  reaction.  The  third  problem  is  avoiding 
cracking  of  substrates,  filler,  or,  especially,  substi ate/filler  Interfaces  due  to  mismatch  of 
thermal  coefficients  of  expansion,  Here,  appropriate  selection  of  process  heating  rates,  cooling 
rates,  and  reactant  composition  are  important  variables.  The  use  of  functional  gradient 
materials  offers  particular  promise. 


Innovative  Use  .of.  Specialized  Fixtures 

To  simplify  study  of  key  parameters  in  SHS  joining,  these  parameters  are  beiny 
decoupled  wherever  possible.  As  a  means  of  expeditiously  investigating  and  characterizing  the 
role  of  substrate  temperature  on  bond  formation  and  precompaction  and  applied  pressure  on 
joint  density,  three  special  fixtures  are  being  employed.  In  a  Substrate  Temperature  Gradient 
Fixture  (Figure  1),  a  rectangular  groove  machined  along  the  centerline  of  a  plate  of  the  desired 
substrate  material  is  filled  with  reactant  powder  precompacted  to  the  desired  density.  The  plate 
Is  flxtured  between  two  large  thermal  masses,  one  held  at  a  high  temperature  near  the  reaction 
triggering  temperature  (Ti)  and  the  other  near  room  temperature  (using  cooling).  Temperature 
is  monitored  at  several  points  along  the  plate  to  provide  darn  on  the  prevailing  gradient  during 
reaction.  Gas  inlets  and  outlets  provide  protection  by  argon  throughout  processing.  The 
reaction  is  triggered  from  the  cool  end  using  a  resistance  heated  element.  Following  reaction, 
the  plate  is  sectioned  to  permit  examination  of  the  degree  and  mechanism  of  bonding  as  a 
function  of  substrate  temperature  (i.e.,  solid-state  reaction,  Interdiffusion,  or  fusion  and 
wetting).  Initial  studies  are  being  conducted  with  Inconel  600  substrates  and  NijAl  filler. 
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Subsequent  studies  are  planned  for  SIC  fillers  to  SIC  or  Ni  superalloy  substrates  and  TIC  to 
graphite  or  titanium  alloy  substrates,  using  appropriate  inserts  in  the  Inconel  600  fixture. 


Thermal  mass  1 - 1 - 1 - 1 - 1  Thermal  masB 

T1-20°C  Thermocouples  T2  -  600°C 


Figure  1:  Substrate  Temperature  Gradient  Fixture 

In  other  fixtures,  called  Compaction  Density  Gradient  and  Applied  Pressure  Gradient 
Fixtures,  various  schemes  for  applying  either  graded  compaction  pressure  prior  to  reaction  or 
graded  or  stepped  applied  pressure  during  reaction  are  being  considered.  In  one  design  (Figure 
2),  a  tapered  cover  plate  will  be  farced  into  powdered  reactant  In  a  machined  rectangular  slot  in 
a  plate  to  produce  high  compaction  at  one  end  and  low  compaction  at  the  other.  Other  schemes 
are  planned  for  stepping  applied  pressure  along  the  groove.  The  entire  fixture  will  be  at  a 
uniform  temperature,  Just  below  the  reaction  triggering  temperature  (TO  for  the  self- 
propagating  mode  or  just  above  Ti  for  the  simultaneous  combustion  reaction  mode.  The  rate  of 
reaction-front  propagation,  the  degree  of  reaction,  the  peak  temperature  reached  following 
reaction,  the  degree  of  bonding  to  the  substrate,  and  final  density  will  all  be  assessed  by 
monitoring  temperature  and  by  conducting  metallographic  analysis. 


applied  pressure 

Figure  2:  Compaction  Density  Gradient  Fixture 
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Glcehle-Baiod  Studies 

Then  are  some  process  parameters  and  conditions  that  are  not  amenable  to  study  using 
the  specialized  fixtures  described  above,  so  a  Duffer's  Oleeble  1500™  thermomechanical 
simulator  and  test  apparatus  is  being  employed.  Using  a  test  set-up  (Figure  3)  consisting  of  a 
graphite  support  tube,  sandwiched  end-elements  and  reactant  fillers,  and  graphite  load- 
application  plungers,  various  key  parameters  are  being  systematically  studied,  functionally 
gradient  material  joints  are  being  fabricated,  and  finished  joints  will,  eventually,  be  tested. 
Parameters  to  be  studied  include:  reactant  powder  particle  size  and  size  ratio  (as  these  affect 
reaction  kinetics  and  product  homogeneity);  reactant  composition  (as  this  affects  peak 
temperature,  liquid  phase  formation,  bonding,  and,  for  graded  compositions,  property 
mismatch);  processing  pressure-time  profile;  reaction  mode  (propagating  versus  simultaneous 
combustion);  heating  rate  (as  this  affects  reaction  kinetics  and  mode);  and  atmosphere  (vacuum 
versus  inert  versus  active  gas).  Figure  4  shows  NI3AI  Joints  formed  between  Inconel  600  end 
elements  using  various  temperatures,  hold  times,  and  applied  pressures.  Bond  integrity  is 
always  excellent,  while  porosity  is  reduced,  but  not  eliminated,  by  reacting  at  higher 
temperatures  (l.e.,  1000  versus  650  °C),  for  longer  hold  times  (l.e,,  15  versus  2  minutes),  and 
for  Increasing  applied  pressures  (e.g.,  from  17.9  MPa  or  1250  psi  to  85.7  MPa  or  6000  psi). 
Figure  5  shows  the  effects  of  these  parameters  on  degree  of  reaction.  The  reaction  is  more 
complete,  with  more  homogeneous  product,  as  the  reaction  temperature  and/or  hold  time  is 
increased.  Axlally-gradlent  joints  are  also  being  produced  between  various  metal,  ceramic  and 
intermetallic  end  elements.  Such  FGM  joints  have  been  already  been  attempted  between  Ni- 
base  supereltoys  and  silicon  carbide  and  between  T1-6AI-4V  and  graphite, 


Water-cooled 
Copper  Jaws 


Figure  3:  Functionally  Gradient  Material  (FGM)  Joint  Gieeble  Fixture 


FQM  JoinlPcaigaModsl 

In  joints  between  dissimilar  materials,  mismatch  of  coefficients  of  thermal  expansion 
give  rise  to  stresses  due  to  temperature  excursions  and/or  gradients.  If  too  high,  these  stresses 
can  preclude  sound  joint  fabrication  or  lead  to  joint  failure  in  service.  FGM  joints  offer  an 
attractive  means  of  overcoming  such  property  mismatch  and  associated  stresses.  As  part  of  this 
research,  an  analytical  model  based  on  a  thin  plate  assumption  that  allows  simplification  of  the 
generalized  heat  flow  equation  to  one  dimension  has  been  developed  to  permit  the  ready 
calculation  of  temperature  distribution  and  associated  thermally-induced  stresses,  accounting 
for  critically  important  material  properties  as  functions  of  temperature.  The  model  facilitates 
FGM  joint  design  for  successful  processing. 
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SUMMARY 

SHS  represents  an  exciting  possibility  for  joining  similar  and  dissimilar  combinations 
of  refractory  ceramics,  intermetallics  and  metals,  but  only  if  process  fundamentals  are  fully 
understood.  An  on-going  program  of  research  at  RPI  is  systematically  studying  the  role  of 
SHS  joining  process  fundamentals  using  a  multidisciplinary  approach,  innovation  specialized 
fixtures,  and  the  Gleeble  thermomechanical  simuladon  and  test  apparatus. 
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(a)  (b)  (C)  1  400  pm  1 

Figure  4:  SHS  joints  of  IN6OO/NI3AI/IN6OO  show  excellent  bond  integrity  and  decreasing 
levels  of  porosity  with  increasing  reaction  temperature,  hold  time,  and  applied  pressure:  (a 
650  °C/15  minutes/1250  psi  (17.9  MPa);  (b)  650  °C/2  minutes/6000  psi  (§5.7  MPa);  and  (c 


650  “C/15  minutes/1250  psi  (17.9  MPa);  (b)  650  °C/2  minutes/6000  psi  (§5.7  MPa);  and  (c* 
1000  °C/15  minutes/2500  psi  (35.8  MPa).  As-polished, 
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Figure  5:  The  degree  of  reaction  in  joints  of  IN6OO/NI3AI/IN6OO  is  more  complete  when 
reaction  occurred  at  (a)  1000  versus  (b)  650  °C  for  15  minute  versus  2  minute  hold  times, 
respectively.  Nonuniformity  of  composition  is  Indicated  by  discoloration  around  pores.  As- 
polished,  Arrows  indicate  interface. 
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SELF-PROPAGATING,  HIGH  TEMPERATURE  SYNTHESIS 
AS  A  TECHNIQUE  TO  JOIN  METALS 


J.  A.  HAWK,  A.  V.  PETTY,  C,  P.  DOOAN  and  J,  C.  RAWERS  j 

U,  S.  Bureau  of  Mines,  Albany  Research  Center,  Albany,  Oregon  97321-2198.  j 

I 

I 

I 

ABSTRACT  ( 

i 

i 

Self-propagating,  high  temperature  synthesis  (SHS)  can  be  used  to  bond  both  similar  J 

and  dissimilar  metals.  A  unique  feature  of  this  technique  is  the  ability  to  stack  either  metal 
foils  or  metal  foils  and  powder,  and  to  process  them  to  form  two-dimensional,  layered  ! 

composites  with  a  "graded"  Intermetallic  interface  between  layers.  This  process  can  also  be 
used  to  modify  a  surface  for  corrosion  or  wear  resistance.  To  date  Bureau  of  Mines  research 
hat.  focused  on  making  Iron-,  titanium-,  and  nickel-aluminum  composites.  The  elemental  I 

metal  foils  art  stacked  and  placed  in  a  hot  press,  and  the  tecr,)erature  is  raised  until  the 
composite  sandwich  undergoes  tht  SHS  reaction,  At  approximately  660°C  (i.e.,  the  melting 
point  of  aluminum),  the  pjutninum  reacts, with  the  transition  metal  to  form  intermetallic 
phases.  The  SHS  process  is  thttxs  and  energy  limited;  i.e. ,  mass  transport  controls  the 
chemical  reaction  rates,  whilq  the  energy  liberated  by  the  chemical  reaction  is  distributed  to 
the  surroundings  by  heat  conduction,  convection  and  radiation.  , 


INTRODUCTION 

la  seif-propagatilii,  high  temperature  synthesis  (SHS),  the  Initial  reactants  (often  in 
the  form  of  elemohul  powders;  ate  ignited,  initiating  u  self-sustaining,  heat-generating 
chvP'ibal  reaction  that  results  in  theli  transformation  into  compounds  or  intermetallic 
phases/'2  ®or  example,  If  a  sioichiometrc  one-to-one  mixture  of  elemental  Ti  and  Ai 
powder  is  compacted  imo  a,  tod. and  one  end  is  heated,  the  Ti  and  AI  at  that  end  will  react, 
producing  primarily  (Itanium  aiuminide  (TIA1),  (During  the  SHS  processing  of  elemental 
ixiwders,  c  wide  range  of  phases  will  form.  For  example,  the  50/50  atom  %  mixture  of  Ti 
and  Ai  will  form  not  only  TiAl,  but  also  TiAl.i  and  TijAl.)  Because  of  the  large  amount  of 
exothermic  heat  liberated  during  the  formation  of  TiAl,  the  powder  Immediately  adjacent  to 
the  reaction  will  also  be  heated  and  will  react.  This  reaction  continues,  increasing  in 
magnitude,  until  a  self-sustaining  front  forms.  Thi3  reaction  front  then  propagates  through 
the  rest  of  the  powder  compact,  converting  it  to  TiAl.  No  additional  external  heat  is 
required  for  the  reaction  to  go  to  completion,  SHS  processing  has  been  successfully  used  to 
form  metal-aluminides,  -borides,  -carbides,  -nitrides,  and  -sliicides. 

Advantages  of  the  SHS  process  include  the  following:  (1)  The  ability  to  preform 
green  powder  compacts  into  the  shape  desired  for  the  final  produot.  Thus,  SHS  allows  for 
near  net  shape  production  of  hard-to-fabricale  and  hard-fa-machlne  materials.  (2)  SHS  can 
lead  to  economic  savings  because  the  reaction  is  heat-generating  and  self-sustaining. 
Additionally,  the  starting  materials  need  only  be  heated  to  the  temperature  of  the  reaction, 
which  can  be  hundreds  of  degrees  lets  than  the  melting  temperature  of  the  product.  SHS  can 
thus  reduce  the  cost  of  material  processing,  leading  to  an  environmentaliy-cleaner  process. 

(3)  SHS  results  in  a  purified  final  product.  Because  tlw  SHS  reaction  is  exothermic,  the 
process  volatilizes  contaminants  ahead  of  the  reaction  front  and  removes  them,  thereby 
purifying  the  end  product.  (4)  The  SHS  process  allows  several  different  reactions  to  occur 
concurrently.  Thus,  it  is  possible  to  produce  difficult-to-form  intermetallic-ceromlc 
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composite*  in  -situ.  (S)  SHS  processing  offers  high  productivity  as  it  has  the  highest  reaction 
rates.1  This  is  especially  attractive  when  compared  to  the  usual  high  energy  processes  used 
to  obtain  some  refractory  compounds  (e.g.,  cubic  tantalum  nitride),  which  require  long  hours 
of  reaction  at  high  temperatures  in  furnaces  or  plasma  reactors.  The  usual  problems 
associated  with  the  scale-up  of  a  process  are  not  encountered  since  the  SHS  reaction 
approaches  complete  conversion  with  larger  quantities.  This  results  in  better  product  yields. 

Because  the  starting  density  of  the  powder  compact  is  significantly  less  than  that 
desired  In  the  final  solid  compact,  U.  S.  Bureau  of  Mines  scientists  have  developed  a 
technique  leading  to  full  density  compaction  during  SHS  processing.3'9  Powder  compacts,  or 
metal  foils,  are  placed  into  graphite  dies  and  furnace  heated  under  pressure  until  the  SHS 
reaction  begins.  As  a  consequence  of  the  entire  compact  being  at  the  reaction  temperature,  a 
thermal  explosion  occurs  throughout  the  sample;  i.e.,  the  SHS  reaction  is  Initiated  at  many 
points  in  the  sample  simultaneously.  Porosity  is  greatly  reduced  because  pressure  is  applied 
when  the  reactant  material  is  molten  and  the  process  Is  carried  out  in  a  vacuum  furnace. 

U.  S.  Bureau  of  Mines  scientists  have  also  successfully  fabricated  a  number  of 
products  with  commercial  potential,  Including  TiAl  diesel  engine  valve  lifters.  However,  In 
addition  to  being  a  technique  that  allows  the  formation  of  near-nct-shape  products,  SHS  can 
also  be  utilized  as  a  unique  method  of  joining  metals  and  alloys,  The  principle  of  the 
technique  is  quite  simple.  In  SHS  joining,  the  exothermic  heat  generated  is  used  both  for  the 
SHS  combustion  reaction  and  the  SHS  reaction  at  the  joint  interface.  The  result  in  many 
instances  is  a  layered  metal-alumlnide  composite,  where  the  metallic  phase  is  separated  by 
SHS  Intermetalllc  product  phases.  This  technique  has  been  successfully  used  to  join  sheets  of 
A1  with  sheets  of  Tl,  Ni,  Pe,  and  stainless  steel  (SS),  and  to  make  layered  metal  sheet  and 
powder  compt  iltes,  Consequently,  SHS  layers  with  unique  wear,  corrosion,  or  heat  resistant 
properties  can  be  synthesized,  or  joined,  to  inexpensive  metal  substrates. 


SHS  PROCESSING  PRINCIPLES 

Two  variations  of  the  SHS  process  are  generally  recognized;  the  process  In  which 
layer-wise  combustion  occurs,  and  the  process  in  which  volumetric  combustion  occurs. 
Layer-wise  combustion  occurs  when  the  SHS  reaction  is  initiated  at  some  point  on  the 
compact  (usually  at  an  outer  surface),  with  the  combustion  wave  then  propagating  with  a 
definite  velocity  throughout  the  rest  of  the  compact.  Most  Bureau  of  Mines  current  powder 
SHS  research  utilizes  the  second  approach,  that  is,  the  volumetric  combustion,  or  thermal 
explosion,  method.  In  this  thermal  explosion  method,  a  volumetric  reaction  takes  place  as  a 
consequence  of  the  entire  reactant  compact  being  heated  uniformly  in  a  furnace.  Once  the 
reaction  temperature  is  reached,  a  number  of  small  SHS  reactions  occur  simultaneously 
throughout  the  entire  volume  of  the  compact,  Most  SHS  research  at  the  Bureau  of  Mines 
focusses  on  two  physicochemical  classifications:6  (1)  both  components  are  in  the  liquid  state, 
and  (2)  one  component  remains  solid  while  the  other  component  is  a  liquid. 

In  SHS,  if  the  adiabatic  temperature  exceeds  the  melting  point  of  the  reactants  but  is 
lower  than  their  boiling  points,  then  the  combustion  reactions  will  occur  in  the  liquid  state. 

Ir.  general,  adiabatic  temperatures  for  aluminldes  are  low  compared  to  silicides,  carbides, 
borides,  etc.,  and  it  is  usually  necessary  to  heat  the  reactants  to  elevated  temperatures  In 
order  to  initiate  the  SHS  reaction.1  As  a  consequence  cf  the  additional  heat  input,  the 
reactants  are,  in  most  instances,  in  the  liquid  state  during  combustion.  An  example  of  this 
type  of  reaction  is  the  formation  of  N1A1  from  Ni  and  Al.  The  adiabatic  temperature  for  the 
formation  of  N1A1  is  1637'C,  while  the  melting  temperature*  of  Ni  and  Al  are  1433°C  and 
660°C,  respectively.  (It  should  be  noted  that  powder  particle  size  and  heating  rate  are 
important  process  conditions.7  With  a  small  powder  size  for  both  the  Ni  snd  Al,  s  liquid- 
liquid  reaction  can  take  place,  However,  if  the  Ni  powder  size  is  large  in  comparison  to  the 
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At  powder,  only  partial  melting  occurs,  so  a  solid-liquid  reaction  occurs,  Higher  heating 
rates  decrease  the  tendency  for  the  formation  of  precombustion,  or  dlffusional,  phases.  This 
also  Increases  the  amount  of  liquid  formed  during  the  reaction,  thus  creating  a  product  with 
lower  porosity.) 

When  the  adiabatic  temperature  ties  between  the  melting  points  of  the  two  starting 
components,  the  liquid  formed  from  the  lower  melting  component  spreads  rapidly  throughout 
the  compact,  resulting  in  the  highest  velocity  combustion  reaction.  Solid-liquid  combustion 
reactions  are  common  In  the  SHS  of  sllicldes,  carbides  and  borides,  as  for  example,  In  the 
formation  of  TiC  from  Ti  and  C.*  It  Is  established  that  the  melting  of  Ti  precedes  the 
combustion  reaction  in  the  conversion  of  Ti  and  C  to  TIC,  However,  as  with  alumlnlde 
formation,  processing  parameters  such  as  powder  size  are  important.  The  extent  of  melting, 
and  the  details  of  the  Tl-C  Interactions  which  result  in  TiC  formation  are  imprecisely  known. 
Larger  particle  sizes  tend  to  slow  the  combustion  reaction,  leading  to  incomplete  carbide 
conversion.9 

It  is  clear  that  many  processing  parameters  affect  the  formation  of  SHS  materials.  In 
this  study,  no  attempt  has  yet  been  made  to  "optimize"  the  processing  parameters  for  the 
SHS  of  layered  sheet  and  powder-sheet  composites.  Rather,  the  focus  of  this  research  has 
been  to  explore  the  limits  of  possibility  In  making  and  joining  advanced  materials. 

MATERIALS  AND  PROCESSING  PROCEDURE 

Materials  and  Processing 

The  intermetallics  selected  for  study  by  the  Bureau  of  Mines  were  based  on  metals 
that  would  react  with  A1  to  form  a  metal-alumlnide.  The  material  systems  studied  include: 
Ni-Al,  Ti-Al,  Fe-Al  and  stainless  steel  (SS)-AI,  with  the  starting  materials  consisting  of 
either  sheet  or  powder.  Figure  1  diagrams  the  lay-up  sequence  typically  used  to  make  the 
composites.  Several  composites  were  made  by  layering  thin  sheets  of  At  with  thin  sheets  of 
either  Ni,  Tl,  Fe  or  SS.  The  powder  and  powder-sheet  composites  studied  to  date  were 
based  on  the  Fe-Al  (l.e.,  either  a  stoichiometric  FejAl  or  FeAi  composition  for  the  powder 
components)  and  the  Ti-Al  (l.e.,  a  stoichiometric  TiAl  composition  for  the  powder 
components)  systems.  The  sheet  material  used  to  form  the  powder-sheet  composite  was 
either  Fe,  SS,  or  Ti,  depending  upon  the  metal-alumlnide  desired.  In  the  case  of  the 
powder-sheet  composites,  the  powder  was  sandwiched  between  metal  sheets  and  vacuum  hot- 
pressed  to  initiate  the  SHS  reaction.  T1AI  powder-Tl  sheet  composites  prepared  using  tiiis 
technique  have  been  studied  extensively.3'5,10,11  In  addition  to  layered  composites  of  Ti  and 
TiAl,  intcrmetuiiic-ceramic  particulate  composites  have  also  been  formed,  with  TiAl  as  the 
matrix.  Ternary  additions  of  C,  B,  and  Si  have  been  made  with  mole  fractions  of  up  to 
60%,  yielding  high  volume  fractions  of  TiC,  TiBj  and  TijSlj  strengthening  dispersoids.12 

As  previously  mentioned,  composite  formation  was  accomplished  in  a  vacuum  hot- 
ptess.  The  general  processing  sequence  was  as  follows:  the  material  was  placed  in  a 
graphite  die  and  transferred  to  the  hot-press;  a  slight  pressure  was  applied  to  the  sample  as 
the  temperature  was  ramped  to  the  SHS  initiation  temperature;  at  the  point  where  the  SHS 
reaction  began,  the  applied  pressure  was  increased  to  between  10  and  20  MPa,  and  the 
sample  was  either  held  at  the  reaction  temperature,  or  given  a  post-reaction  heat-treatment  at 
an  elevated  temperature;  and  finally,  the  sample  was  furnace  cooled  to  room  temperature 
under  pressure,  The  application  of  pressure  to  the  composite  during  the  SHS  reaction,  and 
any  poit-SHS  heat  treatment,  reduced  composite  porosity  and  improved  bonding  at  the 
interface.  A  number  of  processing  times,  temperatures  and  pressures  have  been  investigated 
by  Bureau  scientists,  For  example,  the  layered  sheet  samples  were  placed  in  a  graphite  die 
and  vacuum  hot-pressed  at  650*C  for  one  hour  under  a  pressure  of  10  MPa.  The  samples 
were  furnace  cooled  under  vacuum,  To  create  layered  sheet-powder  composites,  the 
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Pig.  I.  Schematic  representation  of  initial  lay-ups  for  metal  sheet  and  sheet-powder 
composites, 


bii 

b  0 


SHS  layered  composites:  (a)  Ni-AI  metal  sheet  composite;  (b)  Fe-AI  metal 
sheet  composite  with  EDM'd  cylinders;  and  (c)  SS-AI  metal  sheet  composite. 
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elemental  powders  or  powder  mixtures  were  placed  between  metal  disks  in  a  graphite  die  and 
then  hot-pressed,  To  obtain  maximum  density  and  optimum  strength,  the  layered  metal- 
powder  composites  were  hot-pressed  for  times  equal  to  or  greater  than  one  hour  at 
temperatures  equal  to  or  greater  than  1000°C,  The  usual  pressure  applied  to  the  compact 
during  this  procedure  was  20  MPa.  These  composite  samples  were  also  furnace  cooled. 

TEM  Specimen  Preparation 

Transmission  electron  microscopy  (TEM)  was  used  to  investigate  the  microstructure 
of  the  interfaces  of  the  SHS-Joined  metal  foils.  Samples  were  prepared  for  TEM  analyses  by 
sectioning  the  material  transverse  to  the  foil  interfaces  and  grinding  to  a  thickness  of 
approximately  100  pm;  cutting  3  mm  diameter  discs  from  the  samples,  Insuring  that  at  least 
one  interface  was  near  the  disc  center;  and  dimple-grinding  the  interface  region  to  a  thickness 
of  approximately  10  pm,  Samples  were  Ion  milled  to  electron  transparency  using  argon  ions 
at  a  potential  of  7  kV,  All  microstructural  analyses  were  performed  at  100  kV. 

STATUS  OF  SHS  JOINING  TECHNOLOGY 

Layered  Sheet  Composites 

Anselml-Tamburini  and  Munir1’14  were  the  first  to  investigate  the  possibility  of  using 
the  SHS  process  .to  form  Intermetalllcs  from  thin  metal  foils.  Their  initial  goal  was  to  model 
the  characteristics  of  the  SHS  reaction  front  and  to  understand  the  nature  of  the  Interfacial 
reactions,  all  of  which  are  less  complicated  when  the  geometry  is  planar,  Sub, sequent  to  the 
Bureau’s  metal-lntermetalllc  composite  studies,  Wrlphl  et.  al,1'  and  Rabin1”  have  also  used 
SHS  process  technology,  both  oressureless  and  pressure-assisted,  to  join  iron  aluminlde 
(FejAI  and  FeAl)  and  SiC. 

Bureau  of  Mines  researchers  have  modified  the  SHS  composite  process  developed  by 
Anselml-Tamburini  and  Munir  to  successfully  produce  large,  layered  metal-intermetalllo 
composites.  Figure  2  Illustrates  several  examples  of  layered  composites  formed  using  the 
Bureau-modified  SHS  technique.  Table  I  shows  the  thicknesses  of  the  starting  metal  sheet 
used  to  form  the  composites  in  Figure  2,  In  Fig.  2a,  Al  sheets  are  used  to  join  Ni  sheets. 
During  SHS  processing,  some  molten  Al  was  squeezed  from  the  compact  as  pressure  was 
applied;  nonetheless,  a  good  bond  between  the  Ni  sheets  was  obtained,  as  is  apparent  in  the 
figure.  Interface  Integrity  is  further  Illustrated  by  the  fact  that  although  thin  sections  of  this 
composite  curl  during  sectioning,  the  composite  remains  intact. 


TABLE  I,  Thickness  of  the  disks  used  to  form  layered  composites. 


Composite 

Metal  Disk  Thickness  (mm) 

Aluminum  Disk  Thickness  (mm) 

Fe-Al 

0.75 

0.10 

Ni-Al 

1.40 

0.10 

Ti-Al 

0.40 

0.10 

SS-A1 

0.25 

0.10 

A  look  at  the  Ni-Al  Interfacial  regions  of  these  SHS  composites  in  the  TEM  Indicates 
that  they  consist  of  a  residua)  layer  of  Al,  in  this  case  some  0.05  to  0. 15  pm  thick, 
surrounded  on  either  side  by  small  grains  of  HI  containing  Intragranular  y  Ni,Al  precipitates. 
This  microstracture  is  revealed  in  the  dark  field  image  of  Fig,  3.  The  intermetalllc  region 


Fig.  4. 


SBM  micrograph  of  SS-AI  layered  composite. 


189 


stretches  approximately  20  pm  on  either  slue  of  the  residual  At  foil,  with  Ni  grain  size 
increasing  with  distance  from  the  Interface,  Within  the  intermetalilc  region  there  are  also 
small,  intragranular  Al-  and  AH- Mb,- rich  precipitates  which  are  as-yet  unidentified. 

An  example  of  Pe  foil  joined  to  Al  can  be  found  in  Fig,  2b,  Cylindrical  samples  of 
this  composite  were  electro-discharged  machined  (EDM)  from  the  compact  to  make  pin-on- 
drum  abrasive  wear  specimens  and  it  is  the  EDM'd  samples  and  a  remaining  portion  of  the 
original  compact  that  are  shown.  Wear  tests,  performed  on  the  layered  compact  both 
perpendicular  and  parallel  to  the  joints,  indicate  that  In  this  composite  as  well,  joint  Integrity 
is  good:  the  SHS-jolned  material  did  not  separate  at  the  Interfaces  upon  abrasive  wear 
testing  in  either  orientation. 

TEM  examination  of  the  interfacial  regions  cf  (lie  Fe-Al  composites  has  met  with 
limited  success  to  date.  Because  the  residual  Al  foil  ion  mills  much  more  rapidly  than  the 
adjacent  Fe,  sample  preparation  has  been  difficult.  Nonetheless,  it  appears  as  though  the 
microstructure  of  these  composites  must  be  similar  to  that  described  for  the  Nl-Al  materials. 
That  is,  it  probably  consists  of  a  thin,  residual  layer  of  Al  surrounded  by  a  narrow  zone  of 
FejAl  and/or  «-Fe  with  Al  In  solution. 

A  first  attempt  to  join  thin  sheets  of  stainless  steel  with  Al  Is  illustrated  in  Fig,  2c. 

To  date,  a  square  composite,  50  mm  x  50  mm  x  3  mm,  has  been  fabricated  that  can  be 
sectioned  without  gross  layer  separation.  Thin  sectioning  this  composite  into  slices  -  300 
pm  thick  is  not  possible,  however,  as  the  stresses  generated  cause  the  material  to  separate  at 
the  steel-Al  interfaces.  As  a  result,  TEM  examination  of  this  material  has  not  yet  been 
possible. 

Increasing  the  ratio  of  the  thickness  of  the  Al  sheet  to  that  of  the  stainless  steel  sheet 
results  in  a  composite  in  which  the  aluminide  Interface  forms  a  significant  portion  of  the 
whole.  An  example  of  such  a  multilayer  composite  can  be  found  In  the  scanning  electron 
microscope  image  of  Fig.  4.  A  closer  look  at  the  intermetalilc  regions  of  a  thick  Al  -Ti 
composite  using  TEM  Indicates  that  it  consists  primarily  of  grains  of  Al;,Ti  wet  by  un  Al 
boundary  phase.  Aluminum  is  present  at  all  of  the  three-  and  four-grain  junctions  within  this 
region,  and  likely  wets  most,  if  not  all,  of  the  two-grain  boundaries  as  well.  An  occasional 
grain  of  TIA1  is  also  observed,  and  is  also  wet  by  the  Al  boundary  phase,  In  addition,  there 
are  also  AljOj  particles  at  the  boundaries  which  wore  probnbiy  present  on  the  starling  Al 
sheet,  but  which  did  not  dissolve  during  the  SilS  reaction. 

Joining  thin  Al  sheets  to  thicker  metal  (Ni,  Fe,  and  Tl)  sheets  results  in  a  layered 
composite  which  appears  quite  different  from  those  in  which  the  Al  sheet  is  thick  compared 
to  the  metal.  Several  examples  of  thin  Al/thlck  metal  composites  nre  given  in  Fig.  5,  Note 
that  all  of  the  composites  develop  porosity  In  the  join  region,  as  is  apparent  in  greater  deUitl 
at  the  Ni-Al  Interface  In  Fig,  5b. 

The  results  of  microprobe  analyses  and  microhnrdness  measurements  across  the 
interface  regions  for  the  Ni-Al,  Tl-AI,  and  Fe-Al  layered  sheet  material  aie  given  in  Fig.  <>. 
Microprobe  data  across  the  interface  seem  to  suggest  that  a  number  of  stoichiometric 
intermetallio  phases  form  as  a  result  of  the  SHS  reaction  between  the  Al  and  the  metal. 
However,  TEM  analyses  have  indicated  that  this  conclusion  is  not  entirely  correct. 


An  alternative  to  layering  metal  sheets  to  form  composites  Is  to  use  either  only 
powders,  or  a  combination  of  powder  and  sheet,  to  make  a  composite.  The  advantages  of 
using  powders  are  many,  among  them  the  ability  to  make  complicated  (t.e„  not  purely 
rectangular)  shapes,  to  use  low-cost  starting  components,  and  to  design  the  properties  of  the 
layered  composite  through  judicious  selection  of  layer  composition,  thickness  and  location. 

A  number  of  TiAl  matrix  composites  with  strengthening  dispcrsolds  have  been 
produced  at  the  Bureau  of  Mines  using  the  powder-sheet  method.  Figure  7  shows  a 
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Pig.  5.  SHS  Ni-Al  layered  composite  showing  porosity  (a)  low  magnification  and  (b) 
high  magnification. 


Pure  Diffusion  Intormetalllc 

metal  area 


METAL-INTERMETALLIC 

INTERFACE 


Fig.  6.  Microhardness  and  microprobe  data  from  traverses  across  meta!-Al  interfaces. 
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schematic  representation  of  the  composite  design.  These  experiments  have  been  initiated 
with  several  goals  in  mind'.  First  is  to  determine  the  feasibility  of  creating  intermetallic- 
ceramic  composites  with  differing  ceramic  volume  fraction.  The  second  goal  is  to  determine 
which  ceramic  dispersoid  is  most  effective  in  strengthening  the  TiAl  matrix.  The  third  goal 
of  this  study  is  to  assess  the  microstructural  features  of  the  powder-sheet  interface  and  then 
to  find  ways  to  optimize  them. 

Figure  8  shows  a  typical  interface  that  develops  between  SHS-processed  powder  and 
sheet.  In  almost  all  instances,  good  bonding  occurs  between  the  TiAl  powder  mixture  (both 
Ti  and  At  powders  <  325  mesh)  and  the  Ti  sheet.  Some  porosity  forms,  but  it  is  felt  that 
this  is  more  a  result  of  the  SHS  reaction  in  the  powder,  than  the  SHS  interaction  between 
powder  and  sheet,  and  can  probably  be  eliminated  with  the  appropriate  processing  steps. 
When  the  material  is  given  a  significant  post-SHS  heat  treatment,  the  interface  shows 
evidence  of  interdiffusion  and  directional  phase  growth  (Fig.  9). 


UTILIZATION  OF  TECHNOLOGY-APPLICATIONS 

The  SHS  joining  process  has  many  exciting  potential  applications,  a  few  of  which  are 
listed  below: 

(1)  Inexpensive  means  of  producing  engineered  outer  surfaces  of  varying  thicknesses, 
with  designate  mechanical,  physical,  or  chemical  properties,  on  low-cost  base 
metals. 

(2)  Efficient  way  of  applying  thin,  well-bonded,  multi-phase,  i.e.,  metallic,  intermctallic, 
or  ceramic,  layers  *o  the  surface  of  a  homogeneous  material. 

(3)  Process  technique  which  can  produce  bulk,  non-lsotropic  properties  in  materials. 

(4)  Technique  for  developing  functionally-gradlent  interfaces  between  dissimilar 
materials. 

(5)  Means  of  joining  similar  or  dissimilar  materials, 

(6)  Low  cost  method  of  providing  n  variety  of  engineered,  protective  surfaces  (e.g., 
corrosion  or  oxidation  resistant)  to  a  single  substrate. 


POTENTIAL  AVENUES  OF  RESEARCH 

Several  Innovative  research  possibilities  may  make  use  of  SHS  process  technology, 
and  warrant  further  investigation,  For  example,  vacuum  rolling  technology  might  be  used  to 
densify  layered  structures  following  SHS  (thermal  explosion)  icactions.  Laminated 
structures,  i.e.,  foils/sheets  or  foils/sheet»  plus  powders  (with  or  without  cladding),  can  be 
heated  in  a  vacuum  furnace  until  thermal  explosion  is  initiated.  The  layered  composite  can 
then  be  quickly  transferred  to  rolls  for  bonding/denslficallon.  Ideally,  cladding  will  not  be 
necessary  and  a  relatively  good  vacuum  (10°  to  10'4  Pa)  will  prevent  gas  entrapment  during 
densification.  This  technique  has  potential  to  internally-bond  complex  layered  structures  such 
as  lightweight  structural  components  made  of,  for  example,  honeycomb  material  sandwiched 
between  continuous  metal  sheets, 

A  second  avenue  of  research  might  be  into  the  feasibility  of  using  SHS  to  join  metals 
to  ceramics.  In  this  technique,  the  design  of  the  metal-ceramic  interface  will  be  critical  In 
order  to  avoid  the  creation  of  large  thermal  expansion  nismatch  stresses.  A  continuous 
compositional  gradient  from  metal  to  ceramic  would  seemingly  offer  the  greatest  potential  for 
success.  SHS  might  also  provide  a  means  of  joining  metals  to  "conductive"  ceramics  for 
electrical  applications  at  elevated  temperatures, 


Fig.  9. 


SEM  of  powder  interface  region  showing  directional  solidification  and  growth 
from  the  grain  boundary  due  to  post-SHS  heat  treatment. 


Still  another  potential  use  for  SHS  processing  is  in  the  incorporation  of  continuous 
fibers,  both  metal  and  ceramic,  into  layertii  structures.  Similarly,  two-  or  three-dimensional 
woven  fabrics  might  also  be  used  to  form  composites  through  SHS.  A  key  goal  in  such  a 
ntudy  will  be  to  obtain  fully-dense  composites  without  significant  fiber  degradation. 


SUMMARY 

Research  at  the  Bureau  of  Mines  has  concentrated  on  using  SHS  technology  to  make 
many  different  types  of  layered  and  dispersed  phase  composites.  In  the  course  of  the 
research,  techniques  have  been  developed  which  allow  the  SHS  technique  to  be  applied  to 
joining  and  coating  of  materials.  The  Bureau  will  continue  to  explore  potential  research 
avenues  as  described  above,  in  an  effort  to  develop  low-cost  process  and  joining  technology. 
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REACTION  PROCESSING  AND  PROPERTIES  OF  SiC-TO-SiC  JOINTS 
B.  H.  RABIN  AND  G.  A.  MOORE 

Idaho  National  Engineering  Laboratory,  P.O.  Box  1625,  Idaho  Falls,  ID  83415-2218 

ABSTRACT 


Reaction  processing  methods  have  been  developed  for  fabricating  SiC-to-SiC  joints 
that  can  be  used  in  elevated  temperature  applications.  Processing  steps  include  tape  casting 
thin  sheet  SiC+C  interlayer  precursors,  clamping  the  tape  between  the  ceramic  parts,  providing 
a  source  of  Si  adjacent  to  the  joint,  and  heating  above  the  melting  point  of  Si  in  argon.  Molten 
Si  infiltrates  the  tape  via  capillary  action  forming  a  reaction  bonded  silicon  carbide  (RBSC) 
interlayer  and  simultaneously  joining  the  ceramic  parts,  Four-point  bending  strength  and 
fracture  toughness  of  joined  pressureless  sintered  a-SiC  test  specimens  have  been  evaluated  at 
room  and  elevated  temperatures.  At  low  temperatures  the  joint  mechanical  properties  were 
comparable  to  those  reported  for  bulk  SiC,  while  at  elevated  temperatures  the  joint  properties 
were  characteristic  of  the  RBSC  interlayer, 

INTRODUCTION 

SIC  ceramics  and  SiC-matrix  composites  have  considerable  potential  as  elevated 
temperature  structural  materials  in  fossil  energy  applications.  It  is  widely  recognized  that 
joining  methods  urc  needed  for  these  materials  to  allow  the  fabrication  of  large  or  complex 
shaped  pans,  and  the  integration  of  structural  components  into  existing  systems.  Although 
considerable  efforts  have  been  devoted  to  understanding  the  processing,  microstructures  and 
properties  of  SIC-bused  materials,  joining  remains  largely  an  unresolved  issue.  Ideally,  joined 
components  should  exhibit  mechanical  properties  and  environmental  resistance  comparable  to 
the  base  material,  and  the  joining  methods  should  be  practical,  reliable,  and  cost  effective. 

Reported  techniques  for  joining  SIC  including  direct  diffusion  bonding  [1.2];  co- 
densification  of  interlayer  and  green  bodies  [3];  diffusion  welding  or  brazing  with  boride, 
carbide  and  siliclde  Interlayers  fl];  hot  pressing  of  slnterable  SIC  powder  [4];  bonding  with 
polymeric  precursors  [5];  brazing  with  oxide  [6]  or  oxynitride  materials  [7);  solid  state  reactive 
metal  bonding  (8];  active  [9]  or  traditional  [10]  metal  brazing;  and  pressurized  combustion 
reactions  [11],  Unfortunately,  none  of  these  methods  completely  satisfy  the  criteria  mentioned 
above.  Direct  diffusion  bonding  and  hot  pressing  with  ceramic  powder  or  reactive  metal 
interlayers  can  yield  suitable  properties;  however,  the  need  for  hlgn  processing  temperatures 
(e.g.  >1650'C)  and/or  high  pressure  equipment  makes  them  somewhat  Impractical.  Polymeric 
precursor  or  vitreous  interlayers  provide  inadequate  material  properties.  Metallic  brazing  has 
received  considerable  recent  attention  since  processing  is  attractive  and  high  joint  strengths 
can  be  uchleved.  Unfortunately,  such  joints  are  limited  to  low  service  :mporatures  by  the 
metal  constituent,  thus  eliminating  one  of  the  key  advantages  of  utilizing  :rumic  materials. 

The  formation  of  joints  by  reaction  processing  is  attractive  since  the  thermoelastic 
properties  of  the  Interlayer  are  very  close  to  those  of  SIC  and  excellent  mechanical  properties 
can  be  achieved.  Furthermore,  as  with  brazing,  external  pressure  is  not  required,  thus  making 
the  process  inexpensive  and  practical  compared  to  other  joining  methods.  Reaction  bonded 
Interlayers  have  previously  been  used  to  join  bulk  RBSC  [12],  More  recently,  Investigations 
demonstrated  the  success  of  this  approach  for  joining  dense  SiC  and  SiCJ/SiC  composites 
[13-15|.  This  paper  briefly  describes  the  reaction  processing  method  as  applied  to  the  joining 
of  a  commercial  pressureless  sintered  ct-SiC.  A  typical  joint  microstructure  is  shown,  and  the 
results  of  mechanical  property  assessments  are  presented. 

EXPERIMENTAL 

Joining  experiments  were  carried  out  using  a  commercial  pressureless  sintered  a-SiC 
(Hexalloy  Sa,  The  Carborundum  Company,  Niagara  Falls,  NY)  in  the  form  of  rectangular  bars 
12  x  12  x  25  mm.  Prior  to  joining,  the  specimen  surfaces  were  prepared  by  hand  lapping  with 
6  |im  diamond,  followed  by  ultrasonic  cleaning  in  acetone  and  rinsing  in  alcohol. 

Precursor  interlayer  materials  were  prepared  by  tape  casting  mixtures  of  SiC  and 
graphite  powders.  The  materials  and  amounts  used  in  the  tape  casting  formulation  are  listed  in 
Table  1,  The  ratio  of  SiC:C  was  2:1.  A  polysorbate  surfactant  was  found  to  be  effective  for 

Mai.  Rt».  Soe.  Symp.  Pros.  Vol.  314.  *1993  Malarlalt  R*iaarch  loelaty 


198 


stabilizing  the  slurry,  allowing  a  stable  homogeneous  mixture  of  SiC+C  to  be  produced  using  a 
relatively  simple  ultrasonic  dispersion  treatment  rather  than  extensive  ball  milling  as  is 
common  in  slurry  preparation.  De-airing  was  carried  out  by  continuous  stirring  under  a  partial 
vacuum  to  avoid  the  formation  of  dried  agglomerates,  prevent  migration  and  segregation  of  the 
C,  and  achieve  the  desired  slurry  viscosity  prior  to  tape  casting.  To  increase  the  powder 
packing  within  the  as-cast  tapes,  a  mixture  of  two  different  SiC  particle  sizes  was  used. 

Tape  casting  using  an  adjustable  doctor  blade  allowed  green  sheets  to  be  produced  with 
thicknesses  typically  In  the  range  of  0.05  to  0.20  mm.  Pieces  of  tape  were  then  cut  to  the 
desired  size  and  shape,  placed  between  two  pieces  of  SiC,  and  held  firmly  in  place  using  a 
simple  threaded  graphite  jig.  A  small  lump  of  silicon  was  placed  near  the  joint,  the  assembly 
was  heated  at  -20’C  min’1  under  flowing  argon  to  ~1450‘C,  and  the  temperature  was  held  for 
30  min  to  allow  infiltration  and  reaction  bonding  to  occur.  The  completely  assembled  joining 
jig  just  prior  to  furnace  heating  is  shown  in  Figure  1. 


Table  1,  Tape  Casting  Formulation 


material 

type/vendor 
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rra  i 

1.0  cm 


Figure  1.  Macrophotograph  showing  the  experimental  arrangement  used  to  produce 
SiC-to-SiC  Joints  by  reaction  processing. 

After  Joining,  specimens  were  sectioned  und  polished  for  microscopic  examination. 
Standard  bend  bars  having  dimensions  of  3  x  4  x  50  mm  were  prepared  by  surface  grinding. 
The  edges  were  beveled,  and  the  surfaces  were  polished  to  a  1 2  nm  finish,  Strength  and 
fracture  toughness  were  measured  in  four-point  bending  with  spans  of  20  and  40  mm  using  a 
crosshead  speed  of  0.13  mm  min’*.  Fracture  toughness  was  determined  using  the  single-edge 
notched  beam  (SEND)  method  in  which  a  0.16  mm  wide  x  1,0  mm  deep  notch  was  cut  as  close 
as  possible  to  the  center  of  the  joint  using  a  high  speed  saw.  The  notch  tip  radius  was 
estimated  to  be  -75  |im  by  microscopic  examination.  Fracture  toughness,  K|c,  was  calculated 
according  to  the  formula 


Kic  -  <ma  iflY(a/h) 


(1) 
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where  a  is  the  maximum  stress,  a  is  the  notch  depth,  h  is  the  specimen  height,  and  Y (a/h)  is  a 
known  geometry  function  [16],  Elevated  temperature  tests  were  performed  in  air.  Specimens 
were  heated  to  the  desired  temperature  at  a  rate  of  ~20‘C  min-',  and  held  for  10  min  prior  to 
testing.  A  minimum  of  8  specimens  were  tested  for  each  condition,  and  the  average  values  and 
standard  deviations  were  determined. 

RESULTS  AND  DISCUSSION 

Bulk  commercial  RBSC  is  produced  by  capillary  infiltration  of  molten  silicon  into 
compacts  containing  SiC  and  C.  The  processing,  mlcrostructures,  and  properties  of  these 
materials  have  been  studied  extensively  [17-23],  Typical  commercial  RBSC  ceramics  are  near 
full  density  composites  consisting  of  85  to  90  vol%  of  SIC  and  5  to  13  vol%  of  free  Si.  The 
joint  interlayers  fabricated  in  this  work  exhibited  similar  microstructures,  as  shown  in  Figure 
2.  The  joint  interlayer  thickness  was  approximately  the  same  as  the  thickness  of  the  original 
tape,  about  150  pm  in  the  case  of  Figure  2a.  Complete  infiltration  of  the  interlayer  usually 
occurred,  and  in  most  cases  the  interlayer  material  exhibited  fewer  and  smaller  defects  then 
what  was  typically  observed  in  the  SiC.  Occasionally,  large  porosity  defects  were  observed  in 
the  joints;  these  were  believed  to  originate  from  defects  within  the  as-cast  tapes,  Figure  2b 
shows  a  higher  magnification  view  of  the  interface  between  the  interlayer  material  and  the  SiC. 
Note  the  continuous  SIC  grain  structure  that  has  apparently  formed  across  much  of  the 
interface. 


(b) 

Figure  2.  Typical  microitructure  of  a  SiC-to-SiC  joint  bonded  with  »  RBSC  interlayer 
fabricated  by  SI  Infiltration  of  S1C+C  tape  cast  precursors,  Optical  micrograph  in  (a)  and 
higher  magnification  view  of  the  SiC/RBSC  Interface  in  (b). 
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Tape  casting  offers  several  advantages  for  fabricating  joining  precursor  materials  from 
powder  mixtures.  This  approach  allows  the  production  of  high  quality,  uniform  and  controlled 
thickness  tapes,  thus  providing  a  simple  means  for  adjusting  joint  interlayer  thickness.  Once 
formed,  the  tapes  can  be  stoted  indefinitely  and  are  easy  to  handle.  Furthermore,  because  the 


temperature,  ‘C 


Figure  3.  Four-point  bending  strength  of  SiC-tO-SiC  joints  bonded  with  RBSC  as  a  function  of 
tes  temperature. 

tapes  are  flexible,  they  can  be  cut  into  various  shapes  and  molded  to  allow  the  joining  of 
curved  surfaces  and  complex-shaped  parts. 

The  results  of  four-point  bend  strength  testing  are  shown  In  Figure  3.  The  average 
room  temperature  strength  was  327  MPa,  comparable  to  the  strength  reported  in  the  literature 
for  bulk  pressureless  sintered  a-SiC  [24-28],  The  strength  increased  very  slightly  with 
Increasing  test  temperature  up  to  1200'C.  At  1400'C  the  strength  decreased  significantly  to  an 
average  of  208  MPa,  The  reduction  in  joint  strength  at  this  temperature  Is  characteristic  of 
RBSC  wherein  the  Si  phase  softens  appreciably  as  it  approaches  its  melting  point  (i.e,  1412‘C) 
[19-21],  Above  the  melting  point  of  Si  the  RBSC  materials  still  retain  some  strength  as  a 
result  of  the  continuous  network  of  SIC  grains  within  the  mlctostructurc. 

The  failure  probabilities  were  calculated  for  sets  of  specimens  tested  at  room 
temperature  and  1200'C;  the  resulting  Weibull  distribution  plots  are  shown  in  Figure  4.  The 
Weibull  modulus,  m,  was  calculated  for  each  data  set  giving  m»5  and  m*<7  for  room 
temperature  and  1200'C  tests,  respectively,  An  Increase  In  Weibull  modulus  with  testing 
temperature  has  previously  been  observed  for  SIC,  although  the  values  obtained  for  the  joined 
specimens  were  slightly  lower  than  the  values  reported  in  the  literature  for  bulk  pressureless 
sintered  a-SiC  [28],  In  almost  all  cases,  fracture  occurred  either  within  the  joint  inierluyer  or 
within  the  a-SiC  adjacent  to  the  joint;  few  interface  failures  were  ever  observed. 

The  results  of  fracture  toughness  measurements  using  SENB  specimens  tested  in  fnur- 
point  bending  are  summarized  in  Figure  3,  In  all  cases  the  load-deflection  curves  were  linear 
up  to  thr  point  of  failure.  At  room  temperature  Kjg  was  calculated  to  be  2,8  MPa-m'*/2,  This 
value  is  similur  to  the  toughness  values  reported  in  the  literature  for  bulk  SIC  [26,29-31],  The 
joint  toughness  remained  constant  at  600'C,  but  increased  significantly  at  higher  testing 
temperatures.  The  effective  Kie  values  calculated  for  the  1200  and  1400'C  tests  were 
-7  MPa^m*/2,  This  behavior  can  be  explained  based  on  the  presence  of  free  SI  in  the  joints. 
The  compressive  flow  stress  of  SI  Is  known  to  decrease  markedly  above  -800'C,  allowing  for 
increased  plasticity  and  oruck-tip  blunting  at  higher  testing  temperatures  [32],  Such  on  effect 
has  previously  been  observed  In  studies  on  the  elevated  temperature  fracture  behavior  of  bulk 
SI/SIC  materials  [19,20],  Evidence  of  plasticity  can  be  readily  observed  on  the  fracture 
surface,  as  Illustrated  in  Figure  6,  which  compares  the  fracture  morphology  observed  at  room 
temperature  with  that  typically  seen  at  1200  C,  As  in  the  strength  tests,  most  failures  were 
observed  to  take  place  by  crack  propagation  within  the  joint  interlayer.  In  some  specimens,  the 
notch  was  not  centered  exactly  on  the  joint  region  and  occasional  failures  within  (he  base 
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Figure  4.  Weibull  plots  showing  the  strength  distributions  for  the  sets  of  specimens  tested  at 
room  temperature  and  at  1200‘C, 

ceramic  occurred.  It  was  also  observed  in  most  cases  when  cracks  initiated  at  the  SiC/RBSC 
interface  they  were  diverted  away  from  the  interface  and  into  either  the  interlayer  or  base 
ceramic.  In  a  few  specimens,  crack  initiation  occurred  either  in  the  interlayer  or  base  ceramic 
and  traversed  the  interface,  entering  the  other  material.  These  observations  all  indicate  the 
formation  of  a  very  strong  interface  during  joining.  Under  such  circumstances,  the  failure 
mode  was  determined  solely  by  the  local  toughness  values  of  the  Interlayer  and  SiC  materials, 
as  determined  by  the  flaw  distribution  within  the  region  of  the  joint. 

In  both  strength  and  fracture  toughness  tests,  failures  were  occasionally  observed  to 
occur  entirely  within  the  base  ceramic  adjacent  to  the  joint,  Nevertheless,  the  overall  results 
indicate  that  the  strength  and  toughness  of  joined  specimens  are  controlled  primarily  by  the 
properties  of  the  RBSC  interlayer,  particularly  at  elevated  temperatures.  The  potential 
therefore  exists  to  improve  the  elevated  temperature  joint  properties  by  altering  the  RBSC 
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Figure  5.  SENB  fracture  toughness  for  SiC-to-SiC  joints  bonded  with  RBSC  as  a  function  of 
test  temperature. 

mlcrostructure.  For  example,  it  has  been  shown  that  by  infiltrating  with  alloyed  Si-Mo  melts, 
it  is  possible  to  produce  reaction  bonded  SiC-MoSi2  composites,  containing  little  or  no  free  Si, 
that  exhibit  superior  elevated  temperature  capabilities  [33,34],  Such  an  approach  hus  been 
used  to  produce  SlC-MoSi2  joint  interlayers,  although  property  measurements  have  not  yet 
been  carried  out  [  I 5], 


a-SIC/RBSC/«-9IC  Joints 
single-edge  notched  beam 
four-point  bending 
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Figure  6.  Scanning  electron  micrographs  showing  the  morphology  of  joint  fracture  surfaces 
for  specimens  tested  at  (u)  room  temperature,  and  (b)  1200*C. 

In  order  to  further  illustrate  the  utility  of  this  joining  method,  several  additional 
experiments  have  been  carried  out.  For  exumple,  It  has  been  successfully  demonstrated  that 
the  method  can  be  applied  to  join  SIC  (Nicalon®)  fiber-reinforced  SiC  matrix  composites 
produced  by  a  chemical  vapor  infiltration  (CVI)  (13,15).  Joint  microstructures  were 
essentially  identical  to  that  shown  in  Figure  2,  however,  since  the  CVI  composites  typically 
contained  about  15  vol%  porosity,  infiltration  of  free  Si  into  the  pores  of  the  composite 
occurred  within  the  joint  icgion,  Other  than  requiring  the  use  of  u  larger  than  usual  lump  of  Si 
to  ensure  complete  filling  of  the  joint,  the  presence  of  Si  in  the  composite  is  believed  not  to  be 
detrimental. 

Another  series  of  experiments  were  intended  to  Illustrate  that  joining  can  be 
accomplished  using  localized  external  heating  rather  than  furnuce  heuting.  This  is  Important 
for  the  ability  to  join  very  large  components  and  for  providing  u  means  to  conduct  joining  or 
repair  work  in  the  field.  Although  several  methods  are  available  for  localized  external  heating 
(c.g,  microwave,  laser,  etc.),  the  initial  experiments  were  conducted  using  RF  Induction 
heating.  The  assembled  graphite  jig  (Figure  1)  was  placed  inside  an  induction  coil  such  that 
only  the  joint  was  heated  to  the  maximum  (joining)  temperature.  The  joint  microstructure  was 
again  similar  to  that  shown  In  Figure  2.  Using  this  heating  method  it  would  be  possible  to  join, 
for  example,  long  SiC  heat  exchanger  tubes,  The  only  requirement  is  thut  intimate  contact  be 
maintained  between  the  joining  surfaces.  Although  a  graphite  jig  was  used  in  this  case,  it 
would  be  possible  to  use  a  simple  mechanical  clamping  device,  since  only  the  joint  region  is 
heuted. 
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SUMMARY 

Reaction  processing  methods  have  been  developed  and  applied  to  the  fabrication  of 
SiC-to-SiC  joints  for  potential  use  at  elevated  temperatures,  The  microstructure  and  properties 
of  joined  ceramics  have  been  characterized  using  a  commercial  sintered  a-SiC  as  a  model 
system.  The  strength  and  fracture  toughness  of  joined  specimens  were  found  to  be  controlled 
primarily  by  the  properties  of  the  RBSC  interlayer,  and  were  comparable  to  or  higher  than 
those  reported  for  bulk  SiC  for  testing  temperatures  approaching  1400*0,  The  joining 
technique  was  shown  to  be  applicable  to  other  SiC-based  ceramics  and  provides  u  practical 
means  for  joining  large  or  complex-shaped  parts, 
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ABSTRACT 

Adhesion  of  metal  films  to  carbon-carbon  composite  materials  is  a  problem  when  using 
conventional  techniques  such  as  sputter  deposition.  Metal  plasma  immersion  Ion  implantation 
is  a  novel  technique  which  in  combination  with  metal  plasma  deposition  can  produce  metal-to- 
composite  bonding  with  very  good  adhesion  characteristics,  The  substrate  is  Immersed  in  a 
metal  plasma  which  is  produced  by  a  pulsed  vacuum  arc.  When  the  substrate  is  biased  to  high 
negative  voltage  the  metal  ions  arc  accelerated  toward  and  Implanted  into  the  substrate.  A 
repetitively  pulsed  bias  (ps  pulses)  is  used  to  avoid  arcing  and  other  deleterious  effects, 
Between  high  voltage  pulses,  metal  plasma  is  deposited  onto  tne  surface  with  an  energy  typical 
of  vacuum  arcs,  about  50-100  eV.  The  underlying  Idea  of  this  mixed  implantation-deposition 
technique  is  the  formation  of  an  extended  substrate-film  intermixed  layer.  We  have 
demonstrated  the  technique  for  nickel  films  on  carbon-carbon  composite  materials. 


INTRODUCTION 

Carbon-curbon  materials  are  composites  which  can  be  made  in  a  variety  of  forms  such  as 
sheets,  tows,  tapes  or  woven  doth.  Because  of  their  diversity  they  can  be  easily  tailored  to 
meet  the  requirements  of  specific  applications.  Carbon-carbon  composites  are  used  for 
structural  application  since  they  exhibit  high  strength  and  hiph  thermal  and  chemical  stability  in 
an  inert  environment,  and  they  maintain  their  strength  at  high  temperatures  up  to  3000  K  1 1], 
Application  of  carbon-carbon  materials  has  been  restricted  by  the  low  oxidation  resistance  at 
high  temperatures  in  an  oxidizing  environment.  The  protection  of  these  materials  from 
oxidation  or  penetration  by  moisture  has  been  a  major  problem  because  the  formation  of  reliable 
protective  coatings  which  can  resist  the  high  temperatures  is  difficult.  Different  techniques 
including  sputtering,  chemical  vapor  deposition,  painting  or  spraying  have  teen  used  to  apply 
protective  coatings  which  usually  consist  of  several  layers  since  the  primary  oxidation 
protection  film  (e.g,  SiC)  develops  cracks  due  to  the  mismatch  in  thermal  expansion  between 
substrate  and  film  [2],  For  example,  SiC  is  used  as  an  oxidation  barrier  with  silicon  or  boron 
doped  glass  sealant;;  on  top  to  fill  the  cracks  caused  by  the  mechanical  mismatch  of  the  SiC  film 
and  the  carbon-carbon  substrate.  Another  structure  consisting  of  pyrolytic  carbon  for 
mechanical  compatibility,  SiC  for  carbon  diffusion  protection  and  AI2O3  as  an  oxidation 
barrier,  has  been  tested  as  a  protective  coating  for  carbon-carbon  [3], 

The  application  of  carbon-carbon  materials  for  aircraft  requires  furthermore  a  high 
electrical  conductivity  to  reduce  damage  caused  by  lightning  impact.  Metallic  overcoats  are  one 
possible  solution,  but  the  standard  coating  techniques  such  as  sputtering  are  plagued  by  the 
problem  of  poor  film  adhesion,  Metallic  coatings  could  also  prevent  the  carbon-curbon  material 
from  oxidation  and  moisture  if  the  films  were  continuous  ana  sufficiently  thick. 

In  the  present  paper  we  describe  a  technique  of  combined  plasma  immersion  implantation 
and  deposition,  using  vacuum  arc  plasma  sources,  to  form  metal  films  with  superior  adhesion 
to  carbon-carbon  composite  materials.  This  method  has  been  applied  successfully  to  form 
films  with  good  adhesion  to  various  substrates,  such  as  metal  on  metal  and  ceramics  on  meral 
[4],  Here  we  describe  our  first  results  for  metal  bonding  to  carbon-carbon  substrates. 
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EXPERIMENTAL 

The  carbon-carbon  composite  material  used  as  a  substrate  in  this  investigation  was  made 
from  carbon  fibers  Impregnated  in  an  epoxy  resin  matrix  to  form  a  two-dimensional  mat.  The 
material  had  a  mass  density  of  1.8  g/cm^.  The  samples  were  cleaned  prior  to  deposition  by 
ethanol. 

The  metal  piarma  for  the  deposition  was  produced  by  small  plasma  sources  based  on 
vacuum  arc  discharges  [5].  The  plasma  formed  at  the  cathode  of  a  vacuum  arc  discharge 
expanded  through  the  hollow  anode  and  was  focused  by  an  axial  magnetic  field  around  the 
electrode  arrangement  [6]. 

The  deposition  was  earned  out  in  two  phases.  The  aim  of  the  first  phase  was  to  produce 
a  well  intermixed  layer  between  the  carbon-carbon  substrate  and  the  metal  film,  so  providing 
very  good  adhesion  of  the  film  to  the  substrate.  For  this  purpose,  one  of  the  plasma  sources 
was  combined  with  a  magnetic  filter  to  prevent  contamination  of  the  first  part  of  the  film  by 
macroparticles  (droplets  of  micrometer  size  which  are  produced  at  the  cathode  along  with  the 
plasma).  The  substrate  was  exposed  to  the  metal  plasma  and  pulse  biased  to  a  negative  voltage 
of  -  2  kV  to  accelerate  the  ions  to  the  substrate  and  implant  them  with  an  energy  that  is  given  by 
the  accelerating  voltage  and  the  ion  charge  state.  For  vacuum  arc  plasmas,  the  mean  ion  charge 
state  is  between  1  and  3  depending  on  die  cathode  material.  We  have  chosen  Ni  for  our  first 
tests  which  has  a  mean  ion  charge  state  of  1.8  [7].  A  film  of  about  several  hundred  ungstroins 
was  produced  that  showed  a  broad  Intermixing  between  the  Ni  film  and  the  curbon-cnrbon 
substrate. 

In  the  second  phase,  a  1  dm  thick  metal  film  was  deposited  on  top  of  that  intermixed 
layer  using  a  second  plasma  source,  without  magnetic  filter  to  obtain  a  high  deposition  rate.  In 
this  phase  the  substrate  was  not  biased  and  the  ions  were  deposited  upon  the  substrate  with  an 
energy  of  about  30  eV,  which  is  typical  for  vacuum  arc  plasmas  [8].  A  schematic  of  the 
arrangement  is  shown  in  Fig.  1. 


Fig.  1;  Schematic  of  the  impluntation/depositlon  arrangement. 
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RESULTS 

The  films  were  investigated  by  Auger  Electron  Spectroscopy  (AES),  and  the  broad 
intermixing  between  the  substrate  and  the  film  of  thickness  several  hundred  angstroms  was 
confirmed.  Fig.  2  shows  the  AES  spectrum  of  a  film  after  the  first  phase  of  the  process  (metal 
plasma  immersion  ion  implantation). 


depth  (A) 


Fig,  2:  AES  spectrum  of  a  Ni  film  intermixed  into  the  carbon-curbon  substrate  after  the  first 
phuse  of  the  deposition  process  (metal  plasma  Immersion  ion  implantation), 


The  adhesion  was  first  qualitatively  tested  by  the  usual  tape  test  using  “Scotch  Magic 
Tape  No.  810".  It  was  found  to  be  very  good;  the  film  could  not  be  removed.  In  a  pull  test  it 
was  found  that  the  adhesion  exceeded  9800  psi  (6.8  x  10?  N/m^).  The  pull  test  was  dotie  In  a 
Sebastian  Pull  Tester  where  the  sample  is  mounted  on  u  test  platter  and  it  stud  is  bonded  to  the 
coating  surface  at  one  end.  The  other  end  of  the  stud  Is  then  inserted  into  the  tester.  The  test 
measures  the  strength  required  to  lift  the  coating  off  the  substrate.  Further  tests  were 
performed  to  analyze  the  moisture  protection  of  the  carbon-carbon  material  by  the  Ni  films. 
For  this  purpose  the  samples  were  placed  in  an  environmental  chamber  where  the  temperature 
was  varied  between  room  temperature  and  100  'C  and  the  humidity  between  50  und  100  %, 
respectively.  No  peeling  of  the  coating  or  cracks  in  the  coating  were  observed. 

The  high  ion  energy  elevates  die  temperature  of  the  sample  during  deposition.  This  leads 
to  outgassing  of  the  substrate,  When  depositing  on  all  sides  of  a  carbon-carbon  material, 
blistering  of  the  film  can  occur,  Interestingly,  the  film  did  not  simply  peal  off  from  the 
substrate  in  this  case  but  the  substrate  structure  itself  was  destroyed.  Possible  ways  to  soive 
this  problem  are  preheating  of  the  substrate  in  vacuum  prior  to  deposition  or  strong  cooling  of 
the  sample  during  deposition,  or  both. 
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CONCLUSIONS 

Plasma  immersion  Implantation  is  a  novil  technique  for  coating  and  bonding  of  carbon- 
carbon  composite  materials,  providing  films  with  excellent  adhesion  to  the  substrate  by  forming 
a  broad  intermixed  layer  between  the  carbon-carbon  substrate  and  the  film.  Any  solid  metal  can 
be  implanted  and  deposited  by  the  vacuum  arc  deposition  technique  described,  and  chemical 
compounds  such  as  nitrides  or  oxides  can  also  be  formed  by  adding  gas  to  the  deposition 
process  [4],  Structures  of  several  layers  can  be  formed  also  by  grouping  several  plasma 
sources  with  different  cathode  materials  [9J.  By  varying  the  biasing  of  the  substrate  the 
intermixed  layers  can  be  tailored  over  a  broad  range  of  parameters,  The  superior  adhesion  of 
the  films  and  the  great  variety  of  possible  coatings  makes  this  method  a  promising  tool  for 
protection  of  carbon-carbon  against  oxidation  and  moisture  penetration  as  well  as  for  the 
formation  of  conductive  or  base  films  on  carbon-carbon  composite  material  for  further 
coatings. 
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DIRECT  BONDING  METHOD  OF  ALUMINUM  TO  STAINLESS  STEEL 
BY  PRESSURE  CASTING  OF  ALUMINUM 


KATSUAK1  SUGANUMA 

National  Defense  Academy,  Department  of  Materials  Science  and  Engineering, 
Hnshlrlmizu  1-10*20,  Yokosuka  239,  Japan. 

ABSTRACT 

A  new  process  for  joining  At  to  stainless  steel  has  been  established  by  using  pressure 
casting  of  A1  in  air.  Blocks  of  AISI  type  304  austenitic  stainless  steel  to  be  joined  were 
placed  in  a  mold  nnd  were  preheated  at  450  °C  ■  600  °C  in  air.  Molten  A1  was  poured 
into  the  mold  and  a  pressure  of  50  MPa  was  applied  immediately.  Stainless  steel  was 
tightly  bonded  to  A1  by  the  present  process.  At  the  optimum  preheating  condition,  the 
interface  strength  was  higher  than  that  of  A1  and  fracture  did  not  occur  at  the  inter¬ 
face.  At  the  interface,  an  intermetallic  compound  layer  was  formed,  and  it  was 
analyzed  by  TEM.  Because  this  process  can  be  carried  out  in  air  by  casting  of  Al,  the 
process  has  a  potential  for  the  mass-production  of  Al/stainleaa  steel  joints  or  clads. 

INTRODUCTION 

Al  alloys  have  been  expanding  their  uses  in  industrial  fields  primarily  baoause  of 
their  light  weight  character.  In  many  applications,  Al  alloys  are  combined  with  other 
materials  and  then  joining  technology  becomes  one  of  the  major  concerns.  Joining  Al 
alloyB  to  dissimilar  materials  primarily  has  two  difficulties.  One  is  the  presence  of  a 
stable  oxide  film  on  Al  alloys.  The  Al  oxide  film  prevents  obtaining  good  wetting 
between  Al  alloys  and  brazing  fillers  or  materials  to  be  joined.  A  certain  activation 
treatment  of  the  Al  alloy  surface  is  required  before  joining.  The  other  problem  is  high 
reactivity  of  Al  alloys.  Once  the  stable  oxide  is  removed  from  the  interface,  Al  alloys 
severely  react  with  moat  metallic  materials  at  elevated  temperature  and  form  brittle 
intermetallic  compounds  at  interfaces. 

As  the  mating  metak  with  Al  alloys,  low  alloy  steels  and  stainless  steels  are  two 
of  the  most  important  materials  because  they  have  been  used  for  most  structural 
components  in  commercial  fields.  Joining  Al  alloys  to  ateels/stainless  steels  is  not  so 
easy  because  of  the  same  reason  mentioned  above.  By  brazing  or  by  solid-state 
bonding,  the  formation  of  a  thick  intermetallic  compound  layer  prevents  getting  a  sound 
jcint.  Friction  welding  and  explosive  welding  are  two  of  the  successful  methods  but 
they  have  critical  limitations  such  as  limited  dimension  or  as  specific  joining  skill. 
Then  the  present  work  shows  the  new  joining  technique  to  bond  Al  and  stainlssB  steels 
by  a  simple  method.  The  method  utilizes  squeeze  casting  of  Al  alloys,  a  method  that 
is  widely  used  aa  the  mass-production  of  metallic  components  in  industries.  In  the 
present  method,  liquid  Al  is  cast  and  joined  with  mating  materials. 

EXPERIMENTAL  PROCEDURE 

Materials 


The  stainless  steel  used  was  a  commercial  AISI  type  304  austenitic  stainless  steel 
(Fe-18wt%Cr-8wt%Ni),  Hereafter,  this  alloy  is  simply  callod  304  steel.  The  rod  of  20 
mm  diameter  x  15  mm  high  was  prepared  and  one  end  became  the  face  to  be  bonded. 
This  face  waB  finished  with  400  mesh  abrasive  paper.  The  rod  was  washed  ultrasoni- 
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oally  In  acetone  and  then  the  surface  not  to  be  bonded  was  coated  with  BN  powder. 
The  A1  used  was  commercial  JIS1060  (99.5  wt%  pure).  Bloaks  of  304  steel  and  SisN4 
of  15  mm  x  20  mm  x  20  mm  were  also  used  for  joining  trials. 

Cast  bonding 

The  set-up  for  the  cast  bonding  !b  schematically  illustrated  in  Fig.l.  The  304  Bteel 
rod  and  the  mold  were  preheated  at  450  °C  -  600  ’C,  Two  types  of  joining  constructions 
were  examined,  which  are  shown  in  the  figure  as  Type  A  and  Type  B.  The  304  Bteel 
rod  was  put  in  the  mold  and,  immediately,  At  melt  was  poured  into  the  mold.  Then  a 
pressure  of  50  MPa  was  applied, 

The  whole  process  was  carried  out 

in  air.  By  the  present  method,  the  p 

surface  stable  oxide  of  A1  liquid  is  * 

broken  under  pressure  and,  further-  p« 

more,  the  reaction  between  A1  and  V  S 1  lun5er 

the  steel  finishes  within  a  very  Mold  Honfne 

short  period  because  A1  liquid  solid-  v  -  eater 

Ifles  within  one  minute  under  pres-  \  / 

sure.  Thus,  if  the  caatlng  condition 
Is  appropriately  selected,  good  inter¬ 
face  bonding  can  be  achieved  even 
in  oxidizing  atmosphere,  Because 
the  squeeze  cast  process  itself  is 
widely  applicable  for  the  mass-pro¬ 
duction  of  structural  components, 
the  present  joining  method  can  be 
an  economic  joining  method. 

Several  trial  joints  such  as  the 
304  stael/6061  alloy,  the  304 
steel/6061  matrix  composite  and  the 
304  atcol/Al/SiaN4  wore  also  made 


S  Plunger 

Heater 

/ 


by  the  present  method. 


Evaluation 


Fig,  1  Schematic  illustration  of  cast  bonding. 


Joints  were  cut  from  cast  joined  Ingots.  Tensile  specimens  had  a  cross  section  of 
1  mm  thick  x  4  mm  wide.  Bending  barB  having  3  mm  x  3  mm  square  cross-section 
were  also  prepared.  The  croashead  speed  was  0,6  mm/min  for  both  tests  and  the  tests 
were  carried  out  at  room  temperature, 

The  microetructure  was  observed  by  SEM,  EPMA  and  TEM,  The  TEM  specimen 
was  made  by  mechanical  thinning  followed  by  Ar  ion  thinning.  The  TEM  used  was  a 
JEM200CX  oporated  at  200  kV. 

RESULTS  AND  DISCUSSION 

Strength  of  interfaco 

Table  1  summarizes  the  tensile  strength  of  the  304  steel/Al  joints  (type  A)  varying 
the  preheating  temperature  and  the  appearances  of  the  joint  (Yaoture,  All  joint  had  a 
strength  higher  than  the  yield  stress  of  pure  A1  and  showed  some  plastic  deformation 
before  fracture.  When  the  preheating  temperature  of  the  mold  was  low,  e.g.,  460  °C, 
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the  joint  strength  became  high  and  fracture  occurred  not  at  the  interface  but  in  Ai,  The 
effect  of  the  preheating  temperature  on  strength  is  ascribed  to  the  resulting  thickness 
of  the  intermotallic  reaction  layer  mentioned  in  the  next  subsection.  Table  1  also 
summarized  the  measured  thickness  of  the  reaction  layer.  As  the  thickness  of  the 
reaction  layer  increased,  the  strength  of  the  joint  decreased.  It  can  be  said  that  the 
interface  strength  is  higher  than  70  MPa  in  the  optimized  joining  condition.  On  the 
other  hand,  when  the  preheating  temperature  was  high,  the  strength  decreased  and 
fracture  occurred  at  the  interface  after  a  little  plastic  deformation  in  Al  because  of  the 
formation  of  a  thick  reaction  layer, 


Table  1,  Strength  of  joints  and  fraoture  positions, 


MT  i  450  "C 
ST  i  550  "C 

MT  :  450  °C 
ST  !  600  "C 

MT  i  660  “C 
ST  i  500  °C 

Tensile  strength 
(MPa) 

>  70 

66 

40 

Fracture  position 

in  Al 

304/A1 

interface 

304/AI 

interface 

Reaction  layer 
thickness  (pm) 

4 

10 

20 

MTi  Mold  temperature,  ST:  SU4  steel  temperature 


Interface  microstructure 

In  every  case  a  reaction  layer  wus  found  at  the  interface,  The  total  thickness  of  the 
reaction  layer  in  also  listed  in  Table  1.  When  fracture  occurred  near  the  interface, 
cracking  proceeded  near  the  304  steel/reaction  layer  interface,  not  in  the  central  region 
of  the  reaction  layer, 


wsm. 

b?  ! 


Distance  from  interface  (pm) 


Fig.2  SEM  photograph  and  EPMA  line  analysis  of  304  steel/Ai  interface.  Temperatures 
of  the  mold  and  304  steel  were  550°C  and  500°C,  respectively, 
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Fig.2  shows  a  SEM  photograph  and  EPMA  line  analysis  across  the  Interface.  The 
interface  reaction  layer  consists  of  three  distinct  layers.  The  first  layer,  which  is  facing 
the  304  steel  is  quite  thin  and  was  not  distinguished  by  the  line  analysis.  The  second 
layer  was  richer  in  Fe,  Cr  and  Ni  than  the  third  layer,  which  is  on  the  A1  aide. 

Since  the  first  layer  is  quite  thin,  EDX  quantitative  analysis  also  does  not  have  any 
meaning  on  the  layer,  Then,  reaction  promoted  by  dipping  the  304  steel  rod  in  A1 
liquid  heated  at  800  °C  for  30  min.  The  reaction  layers  grew  to  be  more  than  80  pm 
thick  as  the  total  thickness.  The  third  layer  waa  not  the  monolithic  compound  but  A1 
with  a  fine  particle  diaperaion.  The  particles  hau  similar  compositions  as  the  second 
layer.  Quantitative  analysis  by  EDX  on  the  flrat  and  the  second  reaction  layers  la 
summarized  in  Table  2.  The  composition  of  the  first  layer  is  expressed  approximately 
as  (Fe,Cr,Ni)AL  3.3 .  Similar  expression  of  the  second  layer  is  (Fe,Cr,Ni)Alg_13,  No 
macroscopic  diffusion  layer  is  observed  either  in  the  steel  or  in  the  Al, 

Table  2.  Typical  composition  of  reaction  iayera  determined  by  EDX  (at%), 


Elements 

Fe 

Cr 

Ni 

Al 

1st.  layer 

23.0 

5.2 

3,1 

88.7 

2nd.  layer 

3.6 

1.8 

1.7 

83.3 

Fig, 3  shows  a  TEM  photograph  of  the  304  steel/Al  interface.  The  thickness  of  the 
flrat  reaction  is  approximately  0.1  pm.  From  electron  diffraction,  this  layer  has  an 
FoAlg  (orthorhombic)  crystal  structure.  Thus,  combined  with  the  quantitative  analysis, 
the  first  layer  Is  determined  as  FaAl3  compound  containing  Cr  and  Ni.  The  Identifica¬ 
tion  of  the  second  layer  is  now  under  examination. 

The  joint  with  a  thinner  reaction  layer  had  higher  strength,  It  was  reported  that 
the  strength  of  the  pure  iron/AI  joint  decreased  with  increasing  thickness  of  the  reaction 
layer1,  Also  in  the  present  case,  the  higher  strength  was  achieved  for  the  thinner 
reaction  layer,  Then  it  is  required  to  choose  the  appropriate  casting  conditions  to 
.vwirnl  the  thickness  of  the  reaction  layer, 


Flg.3  TEM  photograph  of  304  steei/AI  interface.  Temperatures  of  304  steel  and  mold 
were  560  °0  and  460  °C,  respectively. 
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Joining  304  a  tael  to  6061  alloy  and  to  6061  matrix  composite 

6061  alloy  and  6061  matrix  composite  reinforced  with  20  vol%  KjTi60,3  whisker 
were  algo  joined  to  304  ateel  tucceaafully  by  the  caat  bonding  method.  Toe  joining 
structure  was  the  sandwich  structure  (type  B)  of  304  steel/6061  or  its  compoaite/304 
steel.  The  thickness  of  the  center  layer  was  2  mm.  Table  3  summarizes  the  strength 
data  of  the  Joints,  Both  joints  have  excellent  strengths.  T6-tr«ated  6061  alloy  had  a 
strength  of  280  MPa  and  then  the  joint  achieved  approximately  71  %  of  the  parent 
materials'  strength.  The  strength  Of  6061  matrix  composite  Is  350  MPa  and  this  joint 
strength  reached  86  %  strength  of  the  parent  materials. 


Table  3.  Joint  strength  of  304  steel/6061  alloy  and  304  steel/606 1 
composite  with  20  vol%  K^TigO^  whisker.  Both  were  heat- 
treated  under  T8  condition. 


Joints 

304  steel/ 

6061  alloy 

304  steel/ 

6061  composite 

Tensile  strength  (MPa) 

197 

310 

Fracture  positiun 

Interface 

Interface 

Fig, 4  shows  one  of  the  trial  joints 
of  304  steel  and  6061  alloy,  where  the 
bond  face  had  some  curvature,  One  of 
the  benefits  of  the  present  joining 
method  is  to  make  a  tight  interface 
even  if  the  bond  faae  1b  not  flat,  Any 
kind  of  joining  Bhapea  can  became 
possible.  Furthermore,  the  size  limita¬ 
tion  is  less  serious  compared  with 
explosive  welding  and  with  friction 
welding.  It  only  depends  on  the  size 
of  the  squeeze  casting  mold  and,  to  the 
authors  knowledge,  squeeze  casting  of 
Al  has  produced  components  larger 
than  100  cm  in  diameter, 

Joining  304  steel  to  Si^N^  with  Al 
Interlayer 

Joining  ceramics  to  metals  requires  a  certain  kind  of  an  Interlayer  to  accommodate 
thermal  expansion  mismatch  between  the  two  constituents.  SI8N4  is  one  of  the  most 
difficult  ceramics  to  be  joined  with  metals  because  of  its  extremely  low  thermal 
expanaion  coefficient,  Several  types  of  interlayer  structure  have  been  developed  for 
such  joining  system,  A  soft  metal  layer,  which  can  reduce  thermal  stress  by  elastic- 
plastic  deformation,  Is  one  of  the  effective  methods  to  reduce  thermal  stress  near  the 
Interface.  Al  has  been  frequently  used  as  the  soft  metal  interlayer  and  successful 
results  were  obtained  for  many  joining  systems2'3,4,  Then,  in  the  present  work, 
Si,N4/A!/304  steel  joining  was  performed  by  the  cast  joining  method  of  type  B,  Al  is 
infiltrated  Into  the  gap  between  Si3N^  and  the  steel  and  becomes  the  soft  metal 
Interlayer.  The  distance  between  the  two  constituents  was  sat  to  be  1  mm,  a  thickness 
which  is  thought  to  be  effective  to  compensate  thermal  expansion  minmatoh  between 


6061  alloy 


Fig, 4  304  steel/6061  alloy  joint  having 
a  curved  bond  face. 


ceramics  and  metals.  The  pre¬ 
heating  temperature  of  the 
specimen  was  600  “C.  This 
temperature  was  determined 
by  two  reasons.  When  SisN, 
contacts  with  A1  liquid  at  800 
*0,  SLN,  will  suffer  from 
thermal  snook.  The  tempera¬ 
ture  difference  between  SisN4 
and  A1  must  be  within  the 
heat  shock  resistance.  On  the 
other  hand,  the  excess  in¬ 
crease  of  the  preheating 
temperature  decreases  the 
strength  of  the  interface  of 
304  steel/Al  as  shown  in 


Table  2.  The  other  joining  conditions  were  the  same  as  for  the  304  steel/Al  system. 
Fig.6  shows  the  Si3N4/Al/304  steel  joint  and  the  bending  bars  of  SLN./A1/A1/SLN. ,  304 
steel/Al/304  steel  and  SigN^/Al/304  steel. 

Table  4  summarizes  the  four  point  bending  strength  of  these  joints.  All  joints 
fractured  after  plastic  deformation  in  the  A1  layer.  Then  It  can  be  said  that  the 


strengths  of  the  Interfaces  are  higher  than  the  yield  stress  of  Al.  However,  the 
preheating  condition  of  the  steel  was  too  high  for  the  304  steel/Al  joining.  The 
intermetallic  compound  layer  grew  thicker  than  10  pm.  To  prevent  the  growth  of  the 
re  notion  layer  in  such  a  joining  system,  a  certain  kind  of  surface  treatment  of  the  steel 
may  be  needed. 


Table  4. 

Four  point  bending  results  of  various  joints. 

Si9Ni/Al/SlaNi 

304/A1/304 

SlflNi/A!/304 

Strength  (MPa) 

>  125 

>  94 

i  103 

Fracture 

poeition 

SigNz/Al 

Interface 

304/A1 

interface 

304/A1 

interface 

CONCLUSION 

The  present  work  concentrated  on  a  new  joining  technique  of  Al  alloyB  to  stainless 
steels  utilizing  squeeze  casting  of  Al  alloys.  Several  trials  were  successfully  performed, 
In  the  optimized  cose,  the  Interface  reaction  layer  became  thin,  resulting  in  an  interface 
strength  Iwyond  the  parent  body  strength,  In  such  a  case,  the  interface  did  not  fracture 
by  tensile  testing.  Because  the  squeeze  casting  method  has  been  widely  used  for  mast- 
production  of  Al  products,  this  process  has  great  potential  for  joining  Al  atioys  to 
stainless  steels  in  commercial  fields. 
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ABSTRACT 

In  the  novel  brazing  technique,  the  aluminum  components  In  the  Joint  assembly  arc  coated  with  a 
powder  mix  consisting  of  elemental  SI  and  a  potassium  fluoroalumlnate  flux.  During  brazlngat  -400*0  In 
nitrogen  gas,  the  flux  melts  and  remove*  the  native  A1,0,  surface  film  from  the  coated  aluminum 
components,  This  action  allows  the  silicon  to  diffuse  Into  the  aluminum  to  generate  In-iltn  a  layer  of  Al-Sl 
filler  metal  of  eutectic  composition.  The  liquid  metal  then  flows  Into  the  joint  and  yields  a  metallurgical  bond 
on  cooling. 

Thlsbrazlngtcchnlquemaybe  exploited  wlthalumlnumusInglntermcdlaryclementsotherthanSl.The 
technique  may  also  be  used  for  joining  other  metals. 

INTRODUCTION 

Recent  years  have  witnessed  an  Increased  reliance  on  nitrogen-furnace  brazing  for  the  joining  of 
aluminum  heat-exchangers  and  alr-condltlonlngcandensers  |1,2J,  This  brazing  technique  requires  that  one 
of  thcalumlnumcomponontslna  joint  beclad  with  filler  mater  lalconsistlngof  an  AI5I  alloy  of  near-cutectlc 
composition  such  as  AA404S  or  AA4343  [31,  These  alloys  are  characterized  by  a  melting  temperature 
(-577“C)  [4|  considerably  lower  than  thatof  the  corealloy  (-660C),  Joining  Is  carried  outat  approximately 
600°C  In  the  presence  of  a  non-corrosive  flux,  such  as  potassium  fluoroalumlnate  [1  ],  to  remove  native  oxide 
films  from  thealumlnum  surfaces.  At  that  temperature,  the  filler  metal  mull*  and  flows  Into  the  joint  to  yield 
a  metallurgical  bond  on  cooling. 

The  present  work  was  motivated  by  the  need  to  develop  a  brazing  technique  the*  obviates  the  use  of  clad 
aluminum  sheet.  The  novel  technique  reported  in  this  paper  fulfills  this  requirement  and  has  been  used  for 
brazing  aluminum  /Cu,  Cu/Cu  and  Cu/brass  In  addition  to  atumtnum/alumlnum  joints, 

THE  BRAZING  PROCESS 

In  the  novel  brazing  technique,  at  least  one  of  the  aluminum  surfaces  Is  coated  with  a  layer  of  a  powder- 
mix  consisting  of  Slanda  flux  capable  of  dlssolvlngsurface  oxide  films  [SI,  as  Illustrated  In  Fig.  1(a),  A  non- 
corrosive  flux  compatible  with  aluminum  [1,3]  consists  of  a  mixture  of  KA1F,  and  K,A1F,,H.0  powders  In 
a  molar  ratio  of  approximately  13:1  with  a  particle  dimension  of  the  order  of  1  urn.  Typical  surface  coverages 
bv  SI  powder  range  from  a  few  to  several  grams  per  square  metre,  depending  on  Inc  joining  application. 
Considerably  larger  Si  surface  coverages  maybe  used ,  The  weigh!  ratio  of  SI  lo  ft  ux-powder  varies  typically 
from  -1:1  to  1:3,  also  depending  on  the  application.  Thu  SI  powdcr-parllclc  dimensions  may  range  from  -I 
to  100  pm.  Brazing  Is  carried  out  by  heating  the  joint  at  approximately  400*0  In  nitrogen  gas  at  near- 
atmospheric  pressure  for  a  time  Interval  of  the  order  of  one  minute,  During  temperature  ramp-up,  the  flux 
melts  at  -562“C  and  dissolves  the  surface  oxide  layers  on  aluminum  [6]  as  Illustrated  In  Fig.  1(b).  Oxide 
removal  allows  the  silicon  particles  to  come  into  intimate  contact  with  the  bare  metal  and  diffuse  Into  it  (Fig. 
1  (c)).  At  temperatures  exceeding  577“C,  the  silicon  diffuses  rapidly  Into  the  aluminum  to  generate  tn-sltu  a 
layer  of  Al-Sl  liquid  alloy  of  eutectic  composition  (Fig,  1(d)).  The  filler  metal  penetrates  the  joint  of  Interest 
by  capillarity  action  and  forms  a  fillet,  thus  producing «,  metallurgical  bond  on  cooling.  Some  unused  filler 
metal  may  remain  on  the  aluminum  surface  to  form  a  thin  layer  of  Al-Sl  alloy  of  near-eutectic  composition 
(Pig.  1(c)). 

In  Industrial  applications  of  the  nuw  brazing  technique  the  entire  joint  assembly  Ib  coated  with  the  SI/ 
flux  mix,  generally  by  exposure  to  a  slurry,  In  order  to  keep  the  application  technique  simple,  Filler  metal 
Isthus  formed  from  all  thecontacdngsurfaces,  However,  excellent  jolntsarealso  obtained  If  only  onesurfacc 
In  a  joint  Is  coated  with  the  brazing  mix.  This  Is  because  the  molten  flux  spreads  rapidly  across  the  joint  to 
remove  oxide  films  from  the  mating  surfaces,  and  sufficient  filler  metal  can  bo  formed  from  only  one  surface 
to  yield  a  good  metallurgical  bond.  Because  joints  are  formed  through  capillarity  flow  of  the  filler  metal, 
brazing  requires  only  minimal  contact  force  at  the  joint  Interface, 

PROCEDURES  AND  RESULTS 

The  successful  use  of  the  novel  brazing  technique  requires  a  uniform  coaling  of  Sl/flux  powder  on  the 
metal  surfaces  prior  to  brazing.  Uniform  coatings  could  be  deposited  by  dipping  Into  a  water-  or  alcohol- 
based  slurry  after  cleaning  the  surfaces  chemically  [7|.  The  Sl/flux  weight  ratio  In  the  slurry  was  varied 
between  1:2  end  1 :3.  Depending  on  Ihc  concentration  of  solids  In  suspension,  total  surface  coverages  by  the 
brazing  mix  ranging  from  1  to  80  g  m4 could  easily  be  obtained  on  aluminum.  After  deposition,  the  coaling 
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Figure  1 .  Successive  steps  In  the  novel  brezlng  process; 

(a)  deposition  of  a  SI /flux  powder  mix  on  thv  aluminum  surface;  the  SI  particle  dimensions 
range  from  -1  to  100  pm,  the  flux  particle  dlmenslona  do  not  exceed  ~1  pm. 

(b)  melting  of  the  flux  at  -962”C  and  dissolution  of  surface  oxide  films, 

(c)  at  962“C<  T  <977*C,  solid-state  diffusion  of  Si  Into  aluminum 

(d)  at  T  >977*C,  rapid  dissolution  of  Si  to  form  localized  pools  of  filler  metal  of  near-eutectic 
composition,  followed  by  coalescence  of  llquid-mctal  pools, 

(e)  end  of  filler  metal  generation  and  solidification. 

was  dried  In  n  circulating  air  oven. 

In  the  work  reported  below,  the  efficacy  of  the  brazing  technique  was  assessed  by  assembling  the  test 
components  In  the  desired  joint  configuration,  heating  the  assembly  In  a  nitrogen  furnace  at  the  selected 
temperature  fora  time  Interval  not  exceeding  two  minutes,  and  examining  thebrazedjolnl(s)  after  cooling. 
All  brazed  joints  were  produced  by  coating  only  one  of  the  contacting  surfaces  with  SI/ flux  powder. 

Aluminum/Aluminum  lolnls 

The  novel  brazing  technique  may  be  used  with  any  aluminum  alloys,  provided  (he  Mg  content  of  thu 
alloy  Is  smaller  than -0.1  wt%  |7j.  Figure  2(a)  showsa  metallurgical  cross-section  from  a  typical  joint  formed 
between  two  A  A3003  aluminum  sheet  specimens  (composition!  SI  0.6,  Fe  0.7,  Cu  0.05-0.2,  Mn  1 .0-1.9,  Zn  0.1 
wt%,  balance  Al).  In  this  example,  only  the  sheet  shown  horizontally  In  the  figure  was  coated  with  the  SI/ 
flux  mix.  Brazing  was  carried  outat600°C.  Note  the  uniformity  of  the  fillet,  The  dark  nccdlc-like  partlclca 
In  the  fillet  arc  SI  particles  precipitated  from  solution  during  cooling,  For  comparison,  Fig.  2(b)  shows  a 
metallurgical  cross-secllon  obtained  from  a  joint  similar  to  that  Illustrated  In  Fig.  2(a)  but  formed  by 
conventional  brazlnga!600°C.  In  that  joint,  the  vertical  AA3003  specimen  wasjcilnedioa  coupon  of  A  A3003 
clad  with  AA4045  alloy  (3)  (AA4049  composition!  SI  9-11,  Fo  0,8,  Cu  0.3,  Mn  0,09,  Mg 0,09,  Zn  0.1,  Tl  02, 
balance  Al)  and  filler  liquid  was  generated  on  melting  of  that  alloy.  The  fillets  In  the  two  figures  arc 
essentially  Identical. 

One  attractive  feature  of  the  new  brazing  ptoccss  Is  a  capability  lor  Introducing  additional  materials 
Into  thu  Sl/flux  mix  to  enhance  selected  properties  of  the  Joined  components,  For  example,  the  addition  of 
Zn  powder  was  found  to  luad  la  diffusion  of  Zn  Into  the  component  surfaces  without  adversely  affecting 
the  generation  of  Al-Sl  filler  material  |7|.  The  Introduction  of  Zn  by  this  method  was  found  to  provide 
sacrificial  corrosion-protection  for  the  joined  aluminum  surfaces  [7], 
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cleaned  chemically.  The  aluminum  surface  was  coated  with  SI/ flux  powder  using  a  water -baaed  slurry. 
Typical  surficecoveragei  by  SI  and  flux  were  respectively  >8  g  nv1  and  25gmJ.  Brazing  was  carried  out  by 
hea  HngtoSM'C  In  nitrogen  gastomeltthe  flux,  andthcn  redudngthetemperature  to  below  548’Caaqulckly 
as  possible  by  cutting  off  power  to  the  furnace  and  Increasing  the  nitrogen  gat  flow.  Figure  2(c)  snows  a 
typical  metailographic  cross- section  obtained  from  an  alumlnum/Cu  Tap  Joint.  Note  the  presence  of  a 


Figure  2.  (a)  metallurgical  cross-section  (torn  a  typical  AA3003lolnt, 

(b)  metallurgical  cross-section  from  a  joint  formed  by  conventional  brazing  wherein  the 
vertical  component  was  joined  to  a  coupon  of  A  A3O03  clad  on  both  sides  with  A  A 4045*. 

(c)  metailographic  cross-section  from  an  alumlnum/Cu  lap  joint, 
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relatively  wide  layer  consisting  of  Al-Cu-Sl  solid  solution  and  Intcrmctalllc  particles  at  the  Interface  |8). 
Exposure  of  the  joint  to  temperatures  higher  than  -548*C  for  time  Intervals  exceeding  -1  minute  led  to 
excessive  dissolution  of  Cu  Into  the  aluminum  sheet.  This  dissolution  stems  from  the  large  solubility  of  Cu 
In  A1  In  that  temperature  range  [4]. 

Brazing  of  an  aluminum/  Cu  joint  In  the  presence  of  SI  occurs  by  Initial  dissolution  of  SI  Into  aluminum 
to  form  a  layer  of  Al-Sl  eutectic  liquid  at  a  temperature  exceeding  577°C  as  explained  previously;  wetting 
of  the  Cu  surfaceby  the  molten  eutectic  metal  then  leads  to  Cu  dissolution  to  generates  molten  ternary  alloy. 
Because  of  this  filler  formation  mechanism,  aluminum  /  Cu  joints  could  not  be  brazed  at  temperatures  lower 
than  577“C  l.c,  below  the  eutectic  temperature  of  the  Al-Sl  system. 

Cu/Cu  and  Cu/brass  joints 

joining  of  Cu/Cu  and  Cu/brass  Joints  wis  also  successfully  carried  out  using  the  novel  brazing 
technique.  The  brass  consisted  of  70/  30  Cu-Zn  material  of  commercial  purity.  After  chemical  cleaning  |7j, 
the  brazing  mix  was  deposited  from  a  water-  or  Isopropyl  alcohol-based  slurry  to  generate  typical  surface 
coverages  of  SI  and  flux  of  -  JO  and  30  g  m4  respectively.  Brazing  was  carried  out  at  an  elevated  temperature 
as  the  eutectic  reaction  between  Cu  and  51  occurs  at  803°C  [4],  It  was  found  that  excellent  fillets  were  formed 
In  Cu/Cu  and  Cu/brass  joints  by  heating  for  a  few  minutes  respectively  at  DOtfC  and  at  B76°C  In  nitrogen 


3.  Metallography  cross  sections  from  typical  brazed  joints:  (a)  Cu/Cu;  (b)  Cu/brass  (Cu  coupon  Is 
horizontal).  The  Sl/flux  mix  was  deposited  on  the  horizontal  metal  surface. 
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4.  Metallogruphlc  auction!  of: 

(a)  a  AA1100  aluminum  joint  brazed  with  Cu/ flux, 

(b)  a  AA1 100  aluminum  joint  braied  with  Go/  flux, 

(c)  a  Cu/Cu  joint  brazed  with  Go/  flux  powder. 

The  SI/ flux  powder  wis  deposited  on  the  horizontal  mctil  surface. 
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gas.  Here  again,  the  brazing  temperature  wat  significantly  above  the  Cu-SI  eutectic  temperature  to  Irtciucc 
rapid  generation  of  filler  metal.  Metallographlc  crote  sections  from  typical  brazed (olnteare  Must  a  led  in  Pig. 
3,  Note  the  excellent  fillet  geometry, 

BRAZING  WITH  METALS  OTHER  THAN  SI 

Although  the  work  reported  above  hat  foctaed  on  SI  at  the  Intermediary  material  for  brazing,  the 
brazing  technique  may  um  other  element*  to  generate'filler  metal.  The  only  requirement  la  that  theee 
eleinenta  form  a  relatively  low-temperature  cu  tretic  alloy  wlthat  lea  it  one  of  themetaU  in  the)olnt.  Several 
element*  auch  ae  Cu,  Ce,  Zn,  la,  Ca,  Ba  etc.,  form  a  low-temperahiro  eutectic  with  Al  (4).  However  u*e  of 
these  metals  for  brazingalumlnum  may  not  always  be  deelrable  [7]  since,  for  example,  rome  of  theee  metala 
are  chemically  unstable  in  air.  Similarly  for  Cu/Cu  Joining,  the  selection  of  an  Intermediary  metal  from  Ge, 
La,Nd,Sb,Se,  Sr  etc.„all  of  which  form  low-temperaturoeuteri  lea  with  Cu,  require*  careful  consideration  (7|. 
In  the  following  the  use  of  brazing  elements  other  than  £  (it  Illustrated  only  to  show  the  broad  applicability 
of  the  principles  on  which  the  novel  brazing  process  Is  based, 

Figures  4(a)  and  (b)  show  metallographlc  sections  of  A  Al  100  aluminum  joints  brazed  respectively  with 
Cu/  flux  and  Ge/  flux  powder  mixes.  TheCu-and  Ge-contalnlng  powder*  were  deposited  from  an  Isopropyl 
alcohol-based  and  an  aqueous  slurry  respectively  to  yield  surface  coverages  of  46  g  m4  for  Cu  and  15  gm 
’for  Ge.TheCu'.flux  and  Geiflux  weight  ratios  were  respectively  Island  1:2.  Brazing  waica  fried  outat  tkXhC 
In  nitrogen  gas  as  described  earlier.  Note  that  metaltu  rgtcal  bonds  are  formed  in  the  two  cases,  As  mentioned 
earlier,  the  filler  metal  formed  with  the  Cu  and  Ce  powders  stems  from  the  eutectic  reaction  with  Alai  548°C 
and  420“C  [4]  In  each  case  respectively,  In  both  esses,  the  joints  ware  heated  to  fiOQ*C  to  cause  melting  of  the 
flux.  As  expected,  the  fillet  in  Fig,  4(a)  consists  of  ■  Cu-At  solid  solution  Inlerdisperscd  with  intcrmetalllc 
particles  such  as  CuAlj.  The  dark  particles  In  the  fillet  shown  In  Fig,  4(b)  consist  of  Ce  precipitates, 

Plgure4(()  shows*  metallographlc  section  from*  typical  Cu/Cu  joint  brazed  with  Ce/flux  powder.  The 
bra  zing  mix  wa*  deposited  from  thoaqueous  slurry  mentioned  above.  Brazing  wat  carried  out  In  nitrogen 
gas  at  700°C  to  take  advantage  of  the  Ce-Cu  eutectic  reaction  at644°C  [4]  to  generate  filler  metal.  Although 
some  porosity  Is  evident  In  the  fillet  the  metallurgical  bond  wa«  found  to  be  excellent. 

SUMMARY  AND  CONCLUSIONS 

This  paper  has  reported  on  a  novel  brazing  technique  for  aluminum.  The  brazing  process  uses  the  [Q; 
situ  formation  of  filler  metal  by  the  eutectic  reaction  of  an  Intermediary  metal  powdor  with  the  core-metal 
surface.  The  requirement  on  the  Intermediary  metal  is  that  the  temperature  of  the  eutectic  reaction  be 
appreciably  lower  than  the  melting  point  of  thecore  material.  The  brazing  technique  also  requires  the  use 
ofa  non-corrosive  flux  jl,2]toremovesurfaceoxldefilmBfromlhecomponent*tobejolned,Wlthalumlnum, 
the  brazing  technique  has  been  shown  to  be  successful  using  Sb  Cu  or  Ce  as  Intermediary  metals.  The 
technique  cannot  be  used  for  joining  aluminum  alloys  containing  Mg  In  a  concentration  a*  small  as  -0.1 
weight  %  [7], 

Examples  of  Cu  /Cr  .md  Cu  /brass  joint*  bra  zed  using  mixtures  of  flux  and  SI  or  Ce  powders  show  that 
the  underlying  principles  of  the  novel  brazing  technique  are  widely  applicable.  Thus  It  should  be  possible 
to  brazes  variety  of  metals  uslngan  appropriate  intermediary  material  l.e.  a  material  capable  of  forming  a 
low-temperature  eutectic  with  thecore  material.  For  oximple,  brazing  of  Nt  or  Nl-rlch  alloys  may  be  carried 
out  using  SI,  Ge ,  Sm  etc  powders  since  eutectic  reactions  of  these  elements  with  Nl  occur  at  temperatures 
of  -  963"C,  762°C,  570-C  etc  respectively  [4],  In  principle,  there  are  no  conatralnts  to  using  any  compatible 
combination  of  core  materlalsand  Intermediary  metals  for  brazing,  In  practice,  constraints  may  arise  from 
such  factors  as  the  reactivity  of  the  Intermediary  metal  In  air  or  In  the  slurry,  the  formation  of  brittle 
intermetallics,  thocoimetic  properties  of  the  joint  etc,  For  the  brazing  of  Al  alloys,  theseconsirsintsareclearly 
avoided  by  theuse  of  Inform  edlarymetslssuchasSI  or  Ce,  which  urerelaHvelylnertlnalrand  water,  Finally, 
the  flux  must  be  capable  of  stripping  surface  oxide  films  from  the  core  materials  of  interest  at  the  brazing 
temperature. 
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ABSTRACT 

The  use  of  alufninum  nitride  (AIN)  ns  a  substrate  and  packaging  material  for  microcircuit 
applications  is  of  present  interest  due  to  its  many  advantageous  physical  properties.  A  limitation 
to  the  widespread  use  of  AIN  is  the  lack  of  an  adequate  metallization  system.  The  moet  common 
method  of  achieving  high-integrity  metallized  ceramics  is  through  theusc  of  indirect-bonded 
metallizations,  A  wide  range  or  intermediate  bonding  materials  are  Used,  for  example  glasses, 
oxide  mixtures,  and  active  metals.  In  this  paper,  the  indirect- bonded  metallization  of  AIN  will  be 
reviewed  and  discussed.  Requirements  which  must  be  considered  in,  producing  successful 
metallizations  Include;  wetting  of  the  substrate  and  the  metal  by  the  intermediate  phase  and  the 
reactivity  between  the  intermediate  phase  and  the  substrate.  The  reactions  which  occur  in  marly 
of  the  systems  considered  can  be  predicted  by  examination  of  thermodynamic  data. 

INTRODUCTION 

Aluminum  nitride  (AIN)  has  produced  a  great  deal  of  interest  as  u  substrate  material  for 
microcircuit  packaging  applications  duo  to  its  nigh  thermal  conductivity  [1-6],  The  therrnul 
conductivity  of  presently  uvuilublc  AIN  substrates  Is  as  high  us  260  Wnr'K4.  Tho  thermal 
conductivity  o!  96%  AI2O3,  the  most  widely  used  substrate  material,  is  in  tho  range 
10-30  Wm-tR'1.  In  the  most  simple  approach  to  application  AIN  will  replace  surface-mount  and 
pin-grid-urruy  modules  where  substantial  benefit  may  acctuc  from  Its  order  of  magnitude  belter 
thermal  conductivity,  Structures  with  large  heut  sinks  arc  ulrcudy  required  to  meet  the  present 
thermul  sped fi cations  of  some  optical  components.  Since  these  thoimal  specifications  determine 
the  reliability  of  the  components,  significant  improvements  may  be  achieved  by  being  able  to 
specify  a  lower  device  temperature  through  tho  use  of  AIN.  AIN  also  has  a  number  of  other 
physical  properties  that  render  it  Interesting  for  packaging  applications:  close  coefficient  of 
thermul  expansion  (CTE)  match  to  silicon,  high  clcctrlcul  resistivity,  and  moderately  low 
dielectric  constant  [7,8], 

A  limitation  in  the  more  widespread  use  of  AIN  has  been  the  luck  of  an  adequute 
metallization  system,  For  example,  the  limited  availability  of  compatible  thick  film  muter iul 
systems  has  restricted  the  production  of  hybrid  circuits  bused  on  AIN  to  low  volumo 
applications.  The  metallization  system  is  required  lor  mounting  of  the  integrated  circuit,  for 
interconnection  to  other  circuit  components  and  In  the  case  of  ceramic  packages  for  joining  the 
paekugo  base  and  lid.  Metallization  can  be  classified  into  two  major  types— direct  bonded  and 
Indirect  bonded,  Direct-bonded  metallization  is  achioved  without  the  use  of  a  second  or 
intermediate  phase,  for  exumplo,  by  pressing  together  very  flut  mating  surfaces  to  achieve 
diffusion  bonding  I9-I1J.  The  most  common  method  of  achieving  high-integrity  metallized 
ceramics  is  through  the  use  of  indirect-bonded  metallizations,  A  wide  range  of  intermediate 
bonding  materials  arc  used  such  us  glasses,  oxide  mixtures  and  active  metals.  A  number  of 
different  indirect-bonded  metallization  systems  have  been  developed  for  oxide  ceramics, 
principally  AI2O3,  These  systems  will  be  discussed  and  their  application  to  the  metallization  of 
AIN  reviewed,  Whutcvcr  the  process,  the  basic  requirements  for  strong  bonding  arc  the 
achievement  of  intimate  contact  between  the  two  materials,  the  conversion  of  these  surfaces  into 
u  chemically-bonded  interlace,  and  tho  ability  of  this  interface  to  uccommodute  CTE  mismatch 
stresses  generated  during  cooling  after  fabrication  or  temperature  changes  in  operational 
conditions. 

THICK  FILM  METALLIZATION 

This  technique  utilizes  a  conductor  ink  which  conluins  a  mclal  pnvdcr,  a  bonding  agent, 
and  an  organic  vchiclc/solvcnt  system  which  has  well-defined  rheological  properties,  The  Ink  is 
screen  printed  onto  the  substrate,  dried  and  fired  to  produce  u  conductive  mctnl  luyer,  The  firing 
temperature  is  usually  in  the  range  700-950'C.  There  are  two  primary  mclhods  used  to  achieve 
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adhesion  between  a  thick  film  conductor  and  a  ceramic  substrate,  these  are  frit  bonding  and 
reactive  bonding  [12,13].  For  reactive -bonded  metallizations,  the  intermediate  materials  are 
generally  oxides  which,  during  firing,  form  mixed-oxide  phases  or  liquid  eutectic  phases  at  the 
interface.  Bonding  occurs  by  the  reduction  of  the  oxides  and  solid  solution  into  the  metal.  The 
most  common  method  of  achieving  adhesion  is  frit  bonding,  which  involves  the  addition  of  2- 
10wt%  glass  powder  relative  to  the  metal.  During  firing  the  glass  should  wet  the  substrate  and 
penetrate  to  some  extent  into  the  metal  network.  The  development  of  an  interlocking  glass- 
ceramic  and  glass-metal  structure  is  desirable  for  good  adhesion  because  it  provides  mechanical 
interlocking  in  addition  to  chemical  bonding  between  phases.  To  achieve  the  required 
microstructure  at  the  conductor-substrate  interface  it  is  necessary  for  the  glass  to  have  the 
appropriate  surface  tension  and  viscosity  during  the  firing  process,  and  for  it  to  wet  the 
substrate.  The  glasses  are  often  high-lead  borosilicates,  a  typical  composition  being  63wt% 
PbO-25wt%  BjOj-12wt%  SIO2.  A  number  of  review  articles  are  available  which  discuss  thick 
film  materiuis  and  processes,  the  reader  should  refer  to  these  for  an  overview  or  this  technology 
[12-14], 

AIN/Oluss  Interactions. 

The  interaction  between  typical  high-loud  borosliicutc  glasses  and  AIN  results  in  three 
phenomena  [15],  At  tomperaturcs  above  670* C  bubble  formation  occurs,  indicating  a  reaction 
between  the  glass  and  the  ceramic,  At  higher  temperatures  (>  90C*C)  dewetting  of  the  ceramic 
by  the  gloss  and  the  formation  of  metallic  spheres  was  evident.  These  effects  were  observed  for 
glasses  fired  in  cither  nitrogen  or  oxygen  atmospheres.  Because  of  these  reactions  most 
commercially  available  thick  film  materials  are  not  suitable  for  use  with  AIN.  The  reactions 
which  occur,  for  examplo  between  PbO  and  AIN,  can  be  explained  with  reference  to  un 
Ellirigham  diagram  [16].  An  Elllnghum  dlugram  is  a  a:  iphieul  representation  of  free  energy  data. 
The  free  energy  of  formation  of  several  oxides  used  in  glass  manufacture  is  shown  os  a  function 
of  temperature  in  figure  1.  The  line  for  the  oxidation  reaction  of  AIN  has  also  been  Included  in 
figure  1. 


4/3  AIN  +  O2  —1  2/3  AIsQj  +  2/3  N2  (1) 

At  a  given  firing  temperature,  say  850*C  (1123K),  the  Gibbs  free  energies  of  the  following 
reactions  arc: 


2  Pb  +  O2  ->  2  PbO ;  AOn  =  -  218  kJ/mol  (2) 

4/3  AIN  +  O2  -•>  2/3  AI2O3  +  2/3  N2  ;  AO°  =  -628  kJ/mol  (3) 

Therefore,  the  reaction: 

2  PbO +  4/3  AIN  — >  2/3  AI2O3  +  2  Pb  +  2/3  N2 ;  AG°  -  -410  kJ/mol  (4) 

is  favorable  as  written,  leading  to  evolution  of  nitrogen  gas  and  the  formation  of  lead.  These 
products  have  been  confirmed  by  performing  the  reaction  in  a  sculcd  crucible  and  monitoring  the 
gaseous  emissions  using  gus  chromatography.  Nitrogen  evolution  wus  found  to  become 
significant  above  ubout  700*C  and  continue  as  the  temperature  was  increased.  The  solid 
products  were  identified  by  x-ray  diffraction  (XRD). 

The  relative  positions  of  lhc  AO°  versus  T  lines  for  the  metal  oxidation  reaction  and  Ihc 
AIN  oxidation  reaction  allows  predictions  to  be  made  ubout  the  stabilities  of  vurious  oxides  in 
contact  with  AIN.  At  a  given  temperature,  any  oxide  whose  free  energy  lies  above  that  of  AIN 
will  oxidize  the  AIN  while  at  the  same  time  itself  being  reduced  by  Ihc  AIN,  Any  oxide  whose 
AG°  lies  below  that  for  lhc  oxldution  of  AIN  (i.c.,  more  negutivc  AG°),  at  a  given  temperature, 
will  be  stable  in  contact  with  AIN,  The  free  energy  of  formation  of  several  common  glass 
constituents  lies  above  the  line  for  AIN  oxidution.  Similar  studies  have  been  performed  with 
other  glass  systems  in  contact  with  AIN,  Tor  example  manganese  oxide  containing  glusses  [17]. 
These  results  ulso  ugreed  well  with  the  predictions  bused  on  the  use  of  Eilingham  diagrams. 
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Temperature  *C 

Figure  1,  Olbbs  free  energies  fur  selected  rcuctlons  ns  u  function 
of  temporuturc.  The  lines  represent  reactions  of  the  form 
2  Pb  (s)  +  O2  (g)  =  2  PbO  (s). 

Using  the  data  in  figure  1  a  model  glass  (in  the  LijO-BjOj  system)  wus  formulated 
which  wus  compatible  with  AIN,  A  glass  of  the  composition  20  mol%  LI2O-80  mol%  B2O3  hus 
comparable  rheological  properties  to  a  high-lead  borosilicutc  glass  [18],  In  addition  to  chemical 
compatibility,  a  further  requirement  is  that  the  gloss  wets  the  ceramic  surfuce  during  the  firing 
process,  The  wettability  of  a  material  is  evaluated  by  measuring  the  contact  angle,  a,  between 
the  peripheral  surface  of  a  small  sessile  drop  of  the  molten  material  and  the  horizontal  surface  of 
the  ceramic  substrate,  A  number  of  studies  have  evaluated  the  wettability  of  oxide  ceramics  by 
glasses  and  metals  [c,g.,  19-22]  and  the  wettability  of  nitride  ceramics  by  molten  metals  [c.g., 
23-26],  Far  fewer  studies  have  examined  the  wettability  of  nitride  ceramics  by  glasses  [27-29], 
The  contact  angle  of  the  20  mol%  Li2O-80  mol%  B2O3  glass  on  AI2O3  and  AIN 
substrates  was  determined  in  both  air  and  nitrogen  ambients  [30],  In  air,  the  glass  behuved 
similarly  on  both  substrates— in  the  luttor  case  presumably  due  to  oxidation  of  the  surface.  In 
nitrogen,  Instantaneous  wetting  of  the  AIN  by  the  glass  was  not  observed,  however,  a  time- 
dependent  contact  angle  was  found,  Time-dependent  contact  angles  have  been  observed  in 
metal/nitride-ceramic  couples,  e,g„  AI/S^Na,  AI/AIN,  and  AI-ln/AIN  [23,25]  and  in  many 
other  systems,  c,g„  lead  borosilicatc  glasses  on  ruthenium  dioxide  [31],  polymer  melts  on 
aluminum,  mica  and  Teflon  [32],  and  water  on  glass  and  molten  copper  on  iron  [33], 

Time-dependent  contact  angles  arc  indicative  of  reaction-driven  spreading.  When  a 
reaction  occurs  between  the  liquid  and  the  solid,  the  free  energy  of  reaction  per  unit  interfucial 
urea  and  unit  time  enhances  tno  driving  force  for  wetting  [34,35],  In  the  case  of  the  lithium 
borate  glass  on  AIN  and  AI2O3  the  rate  of  reaction  involving  the  glass  and  the  oxide  surface  is 
faster  than  the  corresponding  reuction  between  the  glass  ana  the  nitride  surface.  For  hlgh-leud 
borosilicate  glasses  on  AI2O3  substrates  it  has  been  found  that  significant  quantities  of  the 
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substrate  can  be  dissolved  Into  the  class  during  the  firing  process  of  the  film  [36-38].  This 
interaction  leads  to  an  improvement  in  the  adhesion  of  the  metal  [39],  Dissolution  of  AIN  was 
found  to  occur  in  the  lithium  borate  glass  at  typical  processing  times  and  temperatures,  however 
the  dissolution  rate  was  lower  Ihun  that  observed  for  the  dissolution  of  AI2O3  in  high-lead 
borosllicute  glasses  [30], 

Further  research  is  warranted  to  understand  the  reactions  occurring  between  various 
glusscs  and  AIN  substrates,  A  recent  study  has  evaluated  the  use  of  low-lead  containing  oxide 
glasses  in  thick  film  resistor  ink  formulations  for  AIN  [40],  The  glass  contained  only  6wt% 
PbO  and  based  on  the  release  of  nitrogen  the  extent  of  the  reuution  between  the  PbO  und  AIN 
was  limited.  However,  the  most  promising  upprouch  lies  in  tho  development  of  new  compatible 
bonding  systems  specifically  designed  for  use  with  AIN  substrates  [c.g,,  41 ). 

One  particular  type  of  glass  system  that  may  find  application  in  this  area  is  the 
oxynitrides  [e.g„  42],  These  glasses  have  been  of  considerable  interest  In  recent  years  und  u 
number  of  review  articles  on  the  subject  huve  uppeured  [e,g„  43-47],  Oxynitride  glusscs  urc 
known  to  wet  and  adhere  to  nitrogen  ceramics,  for  examplo  In  metalli/.lng  silicon  nitride  and  in 
joining  silicon  nitride  components  [27,28,42],  Some  preliminary  studies  have  demonstrated  thul 
oxynitride  glasses  wet  AIN  substrates  but  because  of  the  high  glass  transition  temperature  (T») 
of  the  compositions  fabricated,  it  was  not  ascertained  if  complete  spreading  would  occur  [30], 
Oxynitride  glusscs  have  different  physlcul  properties  from  their  oxide  counterparts,  a  result  of 
the  substitution  of  (rivulont  nitrogen  for  bivalent  oxygen  In  the  glass  structure.  The  extra  bond 
offered  by  the  nitrogen  produces  a  tighter,  more  highly  cross-linked  glass  structure.  For 
cxumplc,  an  increase  in  Ty  is  often  noted  in  an  oxynitride  gluss  compared  to  un  oxide  glass  of 
the  same  cation  ratio  [48,49],  The  incrcusc  in  T#  being  proporllonul  to  nitrogen  concentration. 
Other  chungcs  in  physlcul  properties  include  u  decrease  in  ihe  CTE  and  un  Increase  in  the 
viscosity  of  the  glass  [50],  Although  the  minority  of  research  work  on  oxynitride  glusscs  hus 
considered  materials  having  high  To,  some  Ntudios  huve  examined  glussos  with  lowor  To  [51- 


Thcrmodynumic  stability  criteria  cun  ulso  be  used  to  Identify  possible  oxide  additives  for 
use  as  adhesion  promoters  In  rcuclivc-bonded  thick  film  materials  [54],  Cadmium  und  copper 
oxides  urc  the  most  widely  used  additives  in  thick  film  materials  for  oxide  ceramics.  During 
firing,  diffusion  of  the  cutions  into  the  substrate  (normally  A 1 2O3)  occurs  thereby  forming 
mixed  oxides  (spinels)  or  a  liquid  eutectic  phase  which  promotes  udhesion  of  the  metal  film. 
Bonding  to  the  metal  occurs  by  reduction  und  solid  solution  into  the  metal.  These  oxides  urc 
added  at  the  level  of  0. 1-1  wt%  relative  to  the  metal  powder.  For  AIN  substrates,  no  such 
reactive  bonders  have  been  developed,  Tho  reactivity  of  some  oxides  with  AIN  hus  been 
examined  by  calcining  oxide/AIN  mixtures  ut  high  temperatures  in  nitrogen  und  then  identifying 
the  products  using  XRD  [54],  A  summary  of  these  results  is  shown  in  Table  I.  Somo 
preliminary  studies  have  indicated  thut  the  addition  of  reactive  oxides,  c.g.,  CoO,  to  a  standard 
copper  thick  film  formulation  can  lead  to  significant  improvements  in  adhesion  of  the  metal  to 
AIN;  compared  to  tho  udhesion  of  a  similar  formulation  without  the  reactive  oxide. 


Table  I.  Reaction  products  of  AIN  +  oxide 
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REFRACTORY  METALLIZATION 

Traditionally  this  process  employs  molybdenum  or  tungsten  and  'debased'  AI2O3,  The 
molybdenum  is  applied  to  the  surface  as  a  powder,  often  mixed  with  manganese  oxide,  and 
fired  in  a  reducing  atmosphere  with  a  controlled  dew  point  so  that  the  Mn  is  present  as  MnO  and 
Mo  as  the  metal  [55],  The  MnO  reacts  with  both  the  ceramic  grains  and  the  liquid  glassy  phase 
[56],  The  glassy  phase  from  the  AI2O3  migrates  into  the  metal  powder  under  the  influence  of 
capillary  forces  and  bonds  the  metal  particles  to  each  other  and  to  the  AI2O3  surface,  producing 
a  wettablc  surface  layer.  In  the  case  of  pure  AI2O3  and  oxides  without  binder  phuses,  it  is 
necessary  to  add  glasses  to  the  metallizing  mixtures  [57],  The  Mo  coating  is  generally 
electroplated  with  Nl  to  provide  a  clean  and  continuous  surface  us  well  us  one  on  which  an 
applied  braze  would  cosily  spread,  A  similar  process  Is  used  for  W  metallization, 

Commercially  available  AIN  substrates  are  produced  to  be  us  pure  us  possible  and 
contain  only  a  very  small  amount  of  second  phase  mutcriul.  Therefore  for  metallization  using  the 
molybdcnum-mungunc.se  system  u  gloss  must  be  added  to  tho  metallizing  mixture.  It  bus  been 
shown  that  mungunose  oxide  (MnOj)  Is  unstublc  In  contact  with  AIN  at  typlcul  metallization 
temperatures— resulting  in  tho  formation  of  nitrogen  gas  [17],  Transmission  electron 
microscopy  (TEM)  studies  of  MoMn  and  W  metallizations  on  AIN  have  shown  that  complex 
reaction  interfaces  arc  formed  [38,59],  The  major  bonding  mechanism  wus  determined  to  be 
grain  boundary  penetration  of  the  gluss  into  the  substrate.  There  wus  uIno  evidence  for  chomlcul 
bonding  viu  the  dissolution  of  AIN  by  u  Al-Sl-Mn  gluss  phoso  und  subsequent  preuipitution  of  u 
complicated  sequence  of  prcclpitutcs, 

THIN  FILM  METALLIZATION 

Thin  film  metallization  involves  the  evaporation  or  sputtering  of  thin  metal  films  onto  u 
cerumic  surface,  ft  has  been  demonstrated  that  u  sequence  of  luycrs  of  different  mctuls  is 
required  for  optimum  film  properties  [60j.  The  first  luycr  is  usuully  u  refractory  metul  such  us 
Tl,  Cr  or  NlCr;  this  luyer  provides  adhesion  to  the  ceramic,  These  elements  are  reuolivc  und 
bond  through  redox  reactions  with  the  substrate,  Tho  second  luycr  acts  us  a  diffusion  burricr. 
This  mutcriul  will  usuully  be  a  noble  metul,  preferably  Pt  or  Pd,  The  top  luyer  will  be  the  metul 
of  choice  for  the  particular  application,  for  example,  Au  for  wire  bonding,  Ni  or  Ag-Pd  for 
solderublllly.  Cross-section  TEM  studies  of  a  Au/Pt/TI  thin  film  metallization  on  AIN  huve 
indlcuted  that  the  bonding  mechanism  uppeurs  to  involve  inlcrdlfl'uslon  ucross  the  motul/ccramic 
interface  with  tho  formation  of  TIN,  AI2O3,  und  TiAb  [58j,  These  reuction  products  cun  be 
predicted  by  exuminutiun  of  free  energy  data  und  uro  consistent  with  phuses  produced  during 
uctivc  metul  brazing  of  AIN. 

BRAZING 

A  braze  must  rcucl  with  und  reuch  chcmicul  equilibrium  ut  the  Interfaces  with  both  the 
metul  und  ceramic  components  [34],  Metul  systems  urc  generally  compatible,  resulting  in 
wotting  und  solullon/dlfiuslon  bonding  of  the  braze  with  the  metul  component.  Conventional 
braze  alloys,  for  cxumple  Ag-Cu,  Au-NI  und  Ag-Cu-Zn,  generally  do  not,  however,  wot 
ceramics,  They  do  not  react  with  tho  ceramic  since  the  oxidation  potentials  of  Cu  und  Ag  are  less 
than  that  of  Al,  The  inlcrfucc  energy  cun  bo  lowered  when  there  urc  strong  forces  of  chemical 
ullraction.  The  Tree  onorgy  of  the  reaction  contributes  to  the  driving  force  for  wetting 
[34,61,62],  Liquid  metals  huve  much  higher  surface  energies  than  most  cerumic  oxides,  und 
therefore  the  intcrfuciul  onorgy  is  high  so  that  most  liquid  metals  do  nol  wot  und  spread  on 
ceramics  unless  special  efforts  urc  made  [63], 

Two  general  upprouchcN  huve  been  used  In  the  development  of  metal  brazes  for  use  with 
ceramic  oxides,  In  one  method,  uotlvc  metals  such  tut  titanium  or  zirconium  are  udded  to  the 
metal;  these  effectively  reduce  the  Intcrfuciul  energy  by  their  strong  chemical  attraction  to  the 
oxide  und  enhance  the  wetting  behavior  [64|,  For  example,  brazes  to  be  used  directly  with 
ceramics  generally  huve  u  small  percentage  of  un  active  metul,  e,g,,  Tl,  udded  [65J.  The  high 
oxidution  potential  of  the  Tl  causes  it  to  undergo  u  redox  reuction  with  the  ceramic  (typleully 
AI2O3)  which  results  in  tho  spreading  of  tho  braze  und  formation  of  un  oxido  compound  ul  tho 
interface  which  Is  compatible  with  both  phases,  producing  a  chcmicul  bond  ut  tho  Imcrfucc  [66], 
Several  studies  huve  demonstrated  the  effectiveness  ol  smull  amounts  of  un  uctivc  motul  in 
increasing  the  wettubility  of  both  oxide  [67]  und  nonoxido  ceramics  [42,68-721,  In  the  other 
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method,  the  surface  of  the  ceramic  is  activated  by  application  of  a  suitable  mctAl  hydride,  for 
example,  TIH2  (73],  The  hydride  decomposes  at  a  temperature  below  the  brazing  temperature 
and  the  T1  undergoes  a  redox  reaction  with  the  ceramic  at  the  interface  to  form  a  bond,  and  the 
bulk  Ti  sinters  to  form  a  writable  coating  [74,75],  Other  techniques  may  be  used  for  the 
deposition  of  titanium  coatings  on  the  surface  or  ceramic  samples  prior  to  brazing,  for  example 
chemical-vapor  deposition  [76],  The  Interfacial  reactions  which  occur  duting  the  brazing  of 
nonoxide  ceramics  using  either  an  active  metal  braze  or  by  preactivating  the  ceramic  surface  with 
an  active  metal  can  also  be  explained  by  reference  to  an  Elllngham  diagram,  An  example  of  the 
latter  case  Is  discussed  below. 


Temperature  °C 


Figure  2,  Gibbs  free  energies  of  formation  of  selected  nitrides  us  u 
function  of  temperature,  The  lines  represent  reactions  of  the  form 
2  Zr  (»)  +  N2  (g)  -  2  ZrN  (s), 

In  this  particular  cxumple,  the  AIN  surface  was  activated  by  the  In-situ  decomposition  of 
a  metal  hydride  |77],  The  choice  of  suitable  metals  cun  be  made  by  reference  u>  a  standard  free 
energy  diagram  for  tho  formation  of  metal  nitrides  [78],  as  illustrated  in  figure  2.  Metals  whose 
nitrides  have  lower  free  energies  of  formation  than  AIN  will  be  suitable  as  active  metals,  for 
example  titanium  and  zirconium,  The  decomposition  of  the  metal  hydride  results  in  the 
formation  of  an  active  metal  species,  For  TIH2  the  decomposition  reaction  is  believed  to  occur  at 
-340’C  with  the  subsequent  reaction  between  the  titanium  and  AIN  occulting  in  the  temperature 
range  ,500-7(XTC  [77],  The  products,  identified  by  XRD,  Tor  reactions  between  TiH2  and  AIN 
and  between  ZrH2  and  AIN  are  shown  in  Tublc  if.  The  reactions  between  Ti  and  Zr  with  AIN 
are  Ihcrmodynamlcully  fuvoured  us  shown  below  [79|: 
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2Ti  +  AIN  ->  Ti2N  +  A1 ;  AG°  (i  123  K)  =  -27.6  kJ/mol  <5) 

Zr  +  AIN  ->  ZrN  +  Al ;  AO°  ( 1 123  K>  =  -83,3  kJ/mol  (6) 

Thus  the  overall  reactions  are  proposed: 

5TIH2  +  AIN  ->  TI2N  +  Ti3AI  +  5H2  (7) 

4ZrH2  +  AIN  ->  ZrN  +  Zr3Al  +  4H2  (8) 


The  intormetallic  phases  (TI3AI  and  ZrjAl)  arc  Formed  by  reaction  between  the  free 
aluminum  and  either  the  titanium  or  zirconium,  respectively,  The  Formation  of  intormetallic 
phases  during  reaction  of  Ti  and  AIN  has  been  reported  by  other  authors  although  the 
composition  of  the  intermetalllcs  varies  between  the  different  studies  [80,81],  Intcrfuclul 
microstructurcs  associated  with  the  active  metal  brazing  or  AIN  with  a  Ag-Cu-Ti  alloy  have  been 
examined  using  TEM  [82],  It  was  found  that  a  layered  series  of  reaction  products  was  formed: 
TIN  was  found  adjacent  to  the  AIN  and  u  complex  n-type  (Ti.Cu.AIJeN  phase  was  found 
further  from  the  substrate, 


Table  II.  Phases  identified  in  hydride/ceramlc  reaction 


Reactants 

Produets 

“  TlHi.  AW  ~ 

AIN  “ 

ti2n 

TiiAi 

ZrH2,  AIN  — 

SIN 

ZrH; 

ZrjA 

ZrN 

5 

The  general  requirements  for  brazing  to  AIN  uro  that  <1)  there  must  be  u  chemical  rcuction 
occurring  at  the  interface  between  the  braze  and  tho  substrate  surface,  und  (ii)  the  CTE  of  the 
joining  materials  must  be  similar  to  uvold  residual  stresses  being  generated  in  cooldown  from 
the  brazing  temperature.  Also,  it  is  necessary  to  control  the  brazing  ambient  to  avoid  direct 
rcuction  between  the  uctive  metal  and  the  guscous  atmosphere  und  to  control  the  amount  of 
active  metal  to  avoid  the  formation  of  excessively  (hick  intcrfoclnl  layers,  The  design  of  brazes 
for  nitride  ceramics  continues  to  be  urt  active  area  of  materials  research  [83], 

It  has  been  observed  that  metals  that  do  not  form  stable  nitrides  cun  ulso  be  joined  to 
AIN  [84],  The  reactions  which  occur  cuu,  in  many  cases,  be  correlated  with  thermodynamic 
predictions  of  the  reaction  products.  An  important  consideration  in  those  studies  has  been  the 
nitrogen  activity.  In  some  microclectionic  applications,  metals  such  os  Ti,  Zr,  and  Ta  are  not 
attractive  as  conductors  since  they  easily  form  stable  oxides,  Some  preliminary  studies  of  the 
interaction  of  non-oxygen  (non-nitrogen)  uctive  metals  with  AIN  have  been  reported.  In 
particular,  reactions  between  AIN  und  the  metals  Pt  and  Pd,  und  the  alloys  Pd-Ni  and  Pd-Ag 
were  studied.  In  the  case  of  Pt/AIN,  for  example,  the  following  reactions  were  considered  [84]: 


AIN  —>  Al  +  1(2  N2 

(9) 

3  pt  a.  Al  — >  Pt3AI 

(10) 

Pt3Al  — >IAIlpt  +  3  Pt 

(ID 

AIN  — >  lAllpt  +  1/2  Na 

(12) 

The  reaction  only  proceeds  if  the  temperature  is  k  1390  K.  For  the  reaction  to  proceed  at 
lower  temperatures  the  nitrogen  activity  has  to  be  lower  than  I,  Although  some  thermodynamic 
calculations  have  been  performed  on  the  use  of  non-nitride  famine  metals  with  AIN,  more 
work  has  to  be  done  to  explain  the  AlN-metal  reaction  and  to  clarify  the  morphology  of  the 
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reaction  layer,  This  work  is  especially  required  In  the  bonding  or  metal  foils  to  AIN  where  the 
thermodynamic  conditions  arc  not  fulfilled  and  the  intcriaciui  layer  consists  of  unknown  phases. 

SURFACE  MODIFICATION 

Preoxidizing  of  AIN  substrutes  hus  been  shown  to  be  successful  in  providing  u 
compatible  surface  lor  u  number  of  existing  metallization  technologies,  For  example,  the  direct- 
bond  copper  (DBC)  process,  which  has  been  developed  for  AI2O3  [85]  cun  work  well  when 
used  with  oxidized  AIN  substrutes  [86-89],  The  process  requires  an  inert  atmosphere  with  a 
controlled  O2  pressure.  The  ncccssury  reaction  to  provide  the  adhesion  between  the  oxide  and 
the  copper  is  the  formation  of  u  copper-oxide  eutectic  phase  (CuAIOj)  at  the  interface  which  is 
compatible  with  both  the  ccrumiu  and  the  metal,  For  the  metallization  of  AIN  using  the  DBC 
process,  (he  oxidation  reaction  Is  perforated  at  temperatures  >1 100°C,  At  these  temperatures  the 
predominant  oxidation  product  is  (J1-AI2O3.  The  thickness  or  the  oxide  layer  is  an  important 
factor  in  determining  the  udhesion  strength  of  the  copper  to  the  AIN,  If  the  layer  is  too  thick  then 
crack  generation  is  observed  during  cooling,  following  bonding,  This  cracking  is  due  to  thermui 
stress  caused  by  the  differences  In  the  CTE  of  AIN,  AI2O3,  and  Cu.  If  the  oxide  luyer  is  too  thin 
then  it  will  be  dissolved  completely  in  the  Cu-0  eutectic,  The  peel  strength  of  copper  films  was 
found  to  be  a  maximum  whon  the  AI2O3  luyer  was  I  -3  pm  thick. 

Another  factor  that  cun  influence  the  adhesion  of  applied  mclullizutions  is  the  surface 
roughness  of  the  substruto,  It  hus  been  well  documented  that  the  adherence  of  thick  film 
muteriuls  on  AI2O3  is  enhanced  by  intcrfuclul  roughness,  presumably  due  to  the  formation  of 
interlocking  structures  [90-92],  Although  surface  roughness  cun  contribute  to  adhesion  It  often 
appeurs  to  bo  u  secondary  factor,  Surface  roughness  hus  been  shown  to  be  u  factor  in  tho 
udhesion  of  moral  films  to  AIN,  The  etching  of  AIN  substrates  by  NaOH  solution  increased  the 
surfuco  roughness  und  cnublcd  the  formation  of  Ni-P  films  on  the  surface  which  hud  high 
udhesion  strengths  [93,94],  The  udhesion  mechunism  wus  attributed  to  the  formution  of 
Interlocking  surface  structures  through  the  selective  etching  of  tho  substrulc  by  NaOH.  The 
adhesion  or  u  commercially  avullublo  Ag/Pt  thick  film  mutcriul  to  AIN  hus  also  been  attributes]  to 
surl'ucc  roughness  [95). 

Recently  u  new  technique  for  the  selective  metallization  of  AIN  hus  been  reported  |96], 
This  technique  utilizes  an  cxclmcr  laser  to  activate  tho  AIN  surl'ucc  which  results  in  the 
decomposition  of  AIN  und  (he  formution  of  an  Al  film  on  the  substrate  surface.  The  Irradiated 
areas  can  then  be  electroless  plated  using  Au,  Ni  or  Cu.  This  technique  hus  been  used  for 
writing  a  copper  pattern  into  ulumina  substrates  where  the  activation  mechanism  is  reported  to 
be  similar  [97], 

FUNDAMENTAL  STUDIES 

In  studies  of  metallization  behavior  and  reactions  between  intermediate  phases  und  AIN, 
tho  intrinsic  Interactions  muy  not  be  observed,  Polyurysluilinc  AIN  substrutes  often  contain 
second  phase  materials  formed  us  a  result  of  liquid-phase  sintering,  und  almost  always  contuin 
some  oxygen  on  the  surface  or  in  the  bulk,  Therefore,  the  Interactions  observed  muy  be  one  or  a 
combination  of  the  following:  (i)  Interaction  with  AIN,  (il)  Interaction  with  the  second  phases, 
(iii)  interaction  with  oxygen,  Although  it  Is  necessary  to  determine  tho  interactions  between 
commercially  available  AIN  substrates,  which  contain  u  number  of  different  phuscs,  and  various 
intermediate  materials,  il  is  also  important  to  study  the  Intrinsic  interactions  between  various 
materials  (intermediates  und  metals)  und  AIN,  Recently  examination  of  the  reactions  between 
boroslllcute  glass  und  AI2O3  huvo  been  performed  using  supphirc  substrates  [98],  Similar 
studies  using  AIN  would  be  more  difficult  because  high  quality  single  crystal  AIN  substrates  are 
not  available.  In  x-ray  photoclectron  spectroscopy  (XPS)  studies  of  the  bonding  of  Cu  to  AI2O3 
and  Cu  to  AIN,  thin  films  were  used  as  the  suostrutes  for  deposition  [99,100],  A  number  of 
techniques  have  been  shown  to  produce  high  purity,  single  phase  AIN  films  [c.g„  101-103], 
One  ol  the  advantages  of  thin  film  deposition  lor  producing  AIN  is  that  the  crystallographic 
orientation  of  the  film  cun  be  changed.  For  example,  AIN  films  produced  by  pulsod-luscr 

deposition  were  oriented  either  with  the  (0002)  plane  of  tho  film  und  the  (1102)  plane  of  the 

substrate  purullel  or  with  tho  (10*10)  pluno  of  tho  film  parallel  to  the  (1102)  plums  of  the 
substrate,  These  different  orientations  were  produced  by  enunges  in  the  deposition  parameters. 
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Initial  studies  have  demonstrated  how  these  films  cun  be  used  in  studying  the  interaction 
between  glasses  and  AIN  [104],  It  is  possible  to  deposit  glass  or  metal  layers  directly  onto  the 
AIN  films  without  breaking  the  vacuum  during  the  different  depositions;  thus  avoiding  uny 
possible  contamination  of  the  AIN  surface,  Examination  of  the  interface  structure  cun  be 
performed  by  TEM  using  samples  prepared  in  a  cross  sectional  geometry, 

Recently,  a  new  specimen  preparation  technique  was  developed  for  the  study  of  surface 
reactions  and  thin  film  effects  in  AIN  using  TEM  [105,106],  The  technique  uses  specially 
prepared  electron-transparent  thin  foils  which  act  os  substrates.  The  preparation  of  these 
substrates  involves  a  high  temperature  annealing  step  in  nitrogen  which  produces  relatively  largo 
crystallographic  terraces  within  the  individual  grains  of  a  polycrystuliinc  material  as  illustrated  In 
figure  3,  The  abrupt  variations  in  intensity  in  the  image  arc  due  to  discrete  changes  in  the 
thickness  of  the  specimen  due  to  the  presence  of  macroscopic  steps  between  the  i'uccts,  The 
traces  of  two  sets  of  terrace  edges  cun  be  clearly  distinguished;  one  running  horizontally  In  tho 
image,  the  other  at  an  angle  of  ~  30°,  Relatively  wide,  low-index  ierruocs  may  be  formed  by  this 
technique,  depending  on  the  initial  geometry  of  the  grain.  These  terraces  provide  ideal  surfaces 
for  studying  the  mclulli/ution  and  reactions  of  AIN.  For  cxumplc,  by  heat-treating  these 
annculed  TEM  specimens  in  the  proximity  of  a  metal  source  in  a  controlled  environment,  smull 
metal  particles  cun  be  deposited  on  the  surface  of  the  AIN,  The  mctal/AIN  interactions  cun  be 
observed  using  the  electron  microscope.  The  same  sample  may,  with  cure,  be  examined  and 
then  redeposited  upon  many  times  to  follow  the  metallization  process, 


Figure  3,  Bright-ficld  image  of  prc-lhlnncd  AIN  TEM  sumplo  after 
annealing  at  1800*C  for  10  mins, 


CONCLUSION 

In  conclusion,  a  number  of  studies  have  investigated  the  indirect  bonded  metallization  of 
AIN  substrates,  Those  studies  have  shown  thut  high-quality  joints  can  be  obtained  between  AIN 
and  various  metals.  In  all  euxes  the  choice  of  Intermediate  material  is  very  important  and  these 
choices  cun  be  mude  based  on  thermodynamic  considerations,  Further  studies  are  however 
needed  to  understand  in  detail  the  intcrfaciul  reactions  which  occur  between  the  ceramic  and  the 
intermediate  material,  us  these  interactions  arc  important  in  developing  high  udhesion  Interfaces. 
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A  JOINING  TECHNIQUE  USING  MULTILAYER  LEAD-INDIUM-GOLD 
COMPOSITE  DEPOSITED  IN  HIGH  VACUUM 

CHIN  C.  LEE,  CHEN-YU  WANG,  YI-CHIA  CHEN,  AND  GORAN  MATUASEVIC 
University  of  California,  Department  of  Electrical  and  Computer  Engineering,  Irvine,  CA  92717 

ABSTRACT 

A  joining  technique  for  electronic  devices  has  been  developed.  This  technique  uses  a  lead- 
indium-gold  multilayer  composite  solder  deposited  directly  on  GaAs  wafers  in  high  vacuum  to 
prevent  indium  oxidation.  The  gold  layer  on  the  composite  further  protects  the  indium  layer 
from  oxidation  in  atmosphere.  The  GaAs  dies  are  bonded  to  a  gold-coated  alumina  substrate 
at  a  process  temperature  of  250°C.  Nearly  perfect  joints  are  achieved  as  verified  by  a 
scanning  acoustic  microscope  (SAM).  SEM  and  EDX  results  indicate  that  the  alloy  joint 
consists  of  Auln,  grains  embedded  in  an  In-Pb  solid  solution  phase,  as  predicted  from  the  Au- 
In-Pb  phase  diagram,  Compared  to  lead-tin  solder,  indium-lead  solder  has  been  shown  by 
others  to  exhibit  much  better  fatigue  resistance  and  have  much  less  of  a  scavenging  effect. 
Thermal  shock  as  well  as  shear  rests  confirm  that  a  good  die  attach  is  obtained  with  the  lead- 
indium-gold  composite. 

INTRODUCTION 

The  semiconductor  device  package  serves  the  multiple  purposes  of  mechanical  support, 
environmental  protection,  heat  dissipation,  and  electrical  connection,  Reliable  die  bonding  is 
a  necessity  for  a  good  IC  package.  Commonly  used  bonding  media  include  metal-filled 
organic  adhesives  and  glasses,  hard  solders,  and  soft  solders.  Hard  solders  have  excellent 
fatigue  resistance  and  a  high  thermal  conductivity.  Due  to  elastic  rather  than  plastic 
deformation,  hard  solders  retain  the  stresses  caused  by  the  thermal  expansion  mismatch  among 
the  parts  joined  and  may  fracture  ir.  extreme  cases.  Soft  solders  have  a  high  degree  of  plastic 
strain  capability  and  can  therefore  deform  to  release  the  stresses  developed,  Soft  solders,  on 
the  other  hand,  incur  thermal  fatigue  and  creep  movement,  The  most  commonly  used  soft 
solders  are  tin-lead  alloys  of  various  compositions,  Regardless  of  the  wide  and  popular  use, 
tin-lead  solders  do  have  significant  thermal  fatigue.  Furthermore,  they  exhibit  a  scavenging 
effect  when  the  molten  solder  with  a  high  tin  content  dissolves  the  gold  film  and  quickly 
forms  brittle  gold-tin  IntermeUllic  compounds,  Since  electrodes  are  frequently  gold  plated, 
the  rapid  gold-tin  interdiffusion  in  either  the  liquid  or  solid  state  can  degrade  bonding  quality 
and  thus  requires  careful  evaluation, 

In  spite  of  its  seldom  use  in  the  industries,  In-Pb  solder  has  been  shown  to  exhibit  much 
better  thermal  fatigue  lifetime  than  Pb-Sn  solder  [1-3J,  Furthermore,  molten  In-Pb  alloy 
dissolves  gold  much  more  slowly  than  Pb-Sn  alloy,  thus  greatly  reducing  the  scavenging  effect 
t4j.  Accordingly,  the  In-Pb  alloy  appears  to  be  u  worthwhile  subject  to  study  for  electronic 
packaging.  Fig,  1(a)  displays  the  In-Pb  phase  diagram  [5|.  The  In-Pb  binary  system  is  quite 
simple  in  that  indium  and  lead  form  continuous  solid  solutions  except  for  the  alloy  with  an 
indium  composition  ranging  from  54  wt.%  to  78  wt.%  where  a  separate  phase  a,  ir  present. 

To  examine  how  the  In-Pb  alloy  scavenges  less  gold  than  the  Pb-Sn  alloy,  we  turn  to  the 
Au-ln-Pb  phaue  diagram.  Fig.  1(b)  exhibits  the  isopieth  for  the  50In/50Pb  alloy  to  Au  taken 
from  the  Au-Iu-Pb  ternury  phase  diagram  [6|.  As  we  can  see  from  this  figure,  at  250°C  the 
50In/50Pb  solder  needs  to  dissolve  only  I  wt.%  Au  to  produce  solid  Aulna  intermetalilc.  In 
the  case  of  37  wt,%  Pb-Sn  solder,  approximately  13  wt,%  Au  must  be  dissolved  before  a  solid 
AuSn?  can  form  (7].  Since  these  solid  imermetallic  compounds  can  protect  the  Au  layer  from 
further  dissolution,  50In/50Pb  solder  scavenges  gold  much  more  slowly  than  Pb-Sn  solder, 
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(a)  Alloy  (b) 

Fig.  1  (a)  Phase  diagram  of  Indium-lead  binary  ayitcm  [5];  (b)  The  Iwpleth  from  S0In/50Pb 
alloy  to  Au  [6]. 

Oxidation  of  solders  presents  a  major  difficulty  in  producing  high  quality  die  attach  joints 
[8,9].  The  oxide  forms  a  solid  film  on  top  of  the  molten  solder  solution,  which  prevents  the 
solution  from  achieving  a  bond  with  the  device  die  or  the  package.  In  common  practice,  the 
oxide  film  is  broken  down  by  a  scrubbing  action  in  the  bonding  process.  However,  the 
scrubbing  motion  itself  may  induce  voids  and  inhomogeneity  in  the  bonding  layer.  To  inhibit 
oxidation  in  the  In-Pb  solders,  we  have  developed  a  method  of  using  multiple  layers  of  Cr,  Pb, 
In,  and  Au  deposited  in  higli  vacuum  directly  on  tiie  object  to  be  joined.  Cr  improves  the 
adhesion  on  the  object.  The  outer  gold  layer  of  the  Cr-Pb-In-An  composite  forms  Aulna 
immediate  ly  upon  evaporation  that  protects  the  inner  In  and  Pb  layers  from  oxidation.  This 
has  been  proven  to  be  effective  with  the  Cr-Sn-Au  and  the  Cr-ln-Au  composites  previously 
reported  that  produced  high  quality  Au-Sn  and  Au-In  alloy  joints  [10-12]. 

We  report  here  the  use  of  a  Pb-In-Au  multilayer  composite  solder  for  bonding  at  a 
processing  temperature  of  230°C  Using  the  composite  solder,  OaAs  dies  have  been 
successfully  bonded  to  alumina  substrates  without  the  use  of  flux.  High  quality  Joints  have 
been  obtained  as  verified  by  a  scanning  acoustic  microscope  (SAM).  The  resulting  bonding 
layers  are  found  to  be  unifotm  and  homogeneous.  SEM  and  EDX  studies  reveal  the  grain 
structure  and  the  composition  of  the  alloy  formed. 

PRINCIPLE 

From  Fig,  1(b),  it  is  seen  that  all  alloys  containing  from  0  to  30  wt.%  Au  will  solidify  to 
form  solid  alloys  consisting  of  three  phases:  a^,  indium-rich  a|(  and  Auln}  compound.  The 
ctf*  phase  is  a  solid  solution  of  In  in  Pb.  The  a,  phase  is  characterized  as  an  fet  structure  with 
a  c/a  ratio  of  0,93,  as  compared  to  an  fet  structure  of  indium  with  a  c/a  ratio  of  1.075  to  1.078 
[6],  There  is  no  evidence  '.hat  Auln2  intormetallic  compound  produces  joint  embrittlement 
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while  some  claims  are  made  that  the  formation  of  the  Au,In,  intermetalllc  compound  might 
embrittle  the  joint  [13,14],  Therefore,  by  restricting  the  amount  of  gold  in  the  composite 
solder,  the  formation  of  AugIn<  is  prevented,  thus  precluding  the  joint  from  becoming  brittle. 


Au7.0wt,% 
In  465  wt.% 
H>46.3wt,% 
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(  Figure  not  to  aoolo  ) 


Fig.  2  The  composite  structure  after  deposition  of  it  thin  outer  gold  layer  on  the  Indium-lead 
layers.  The  gold  layer  forme  Aulnj  at  the  outer  surface  of  the  composite  .wider. 


Fig.  2  shows  the  multilayer  composite  design.  In  fabrication,  chromium  and  lead  are  first 
deposited  on  the  GaAs  wafer,  followed  by  the  deposition  of  indium  and  an  cuter  gold  layer  in 
one  vacuum  cycle  to  prevent  oxidation  of  the  indium  layer  (layer  no.  3).  The  chromium  layer 
(layer  no.  1)  enhances  the  adhesion  of  lead  layer  to  the  die.  Right  after  deposition,  room 
temperature  interdiffusion  occurs  sothat  the  outer  gold  layer  (layer  no.  4)  forms  Auln,  very 
fast  [15].  This  layer  inhibits  contact  of  the  pure  indium  layer  with  oxygen  when  the  composite 
is  exposed  to  air.  The  alumina  substrate  Is  deposited  with  chromium  and  gold  where  the 
chromium  layer  is  present  to  enhance  adhesion. 

In  the  bonding  process,  the  die  and  substrate  are  brought  into  contact  with  a  static  pressure 
and  heated  to  250°C  in  a  hydrogen  atmosphere.  For  the  ternary  system  of  Au-In-Pb,  indium 
has  the  lowest  melting  temperature  (I  J7°C),  The  indium  layer  of  the  composite  thus  melts 
first  as  the  specimen*  are  heated  above  the  indium  melting  point.  As  the  indium  layer  melts,  it 
dissolves  the  lead  layer  (layer  no.  2>  and  breaks  up  the  Aulna  layer  (layer  no.  4).  The 
composition  of  the  Pb-ln-Au  compos  :e  shown  in  Fig.  2  is  designed  so  that  at  250°C  it 
becomes  a  mixture  of  a  liquid  solution  and  Auln:as  indicated  in  the  isopieth  of  Fig.  1(b).  This 
mixture  in  turn  wets  and  dissolves  the  gold  layer  on  the  subsume  to  form  a  joint.  When  the 
temperature  is  reduced  to  room  temperature,  the  mixture  solidifies  lo  form  an  alloy  joint  that 
contains  three  phases:  a^,,  indium-rich  a,,  and  Auln2  as  determined  from  Fig,  1(b). 


FABRICATION  PROCESS 

Chromium,  lead,  indium  and  gold  are  deposited  directly  on  the  polished  side  of  the  GaAs 
wafer  in  high  vacuum  with  the  thicknesses  of  300  A,  3.9  pm,  6.2  pm,  0.35  pm,  respectively, 
After  deposition,  the  backside  of  the  die  loses  the  gold  color  indicating  the  formation  of  Auln, 
which  protects  the  inner  (n  and  Pb  layers  from  oxidation.  The  multilayer  composite  is 
designed  to  have  equal  weight  percentage  of  In  and  Pb,  If  the  composite  were  to  form  a 
uniform  alloy,  it  would  have  7  wt.%  of  gold,  The  alumina  substrate  is  coated  with  300  A- 
thick  chromium  and  0.22  pm-thick  gold  layers.  If  the  gold  layer  on  (he  substrate  and  the 
composite  on  the  GaAs  die  together  form  a  uniform  alloy,  it  would  have  11  wt.%  gold.  After 
deposition,  the  GaAs  wafers  are  cleaved  into  dies  of  2  mm  x  3  mm  in  size. 

The  die  is  placed  on  the  substrate  which  is  then  laid  on  a  graphite  boat.  Static  pressure  is 
applied  to  the  die  using  a  plate  forced  down  with  compression  springs.  This  is  to  ensure 
complete  contact  between  the  die  and  the  substrate  surfaces  to  be  joined.  Static  pressure  in  the 
range  from  40  to  60  PS1  was  found  to  be  low  enough  not  to  damage  the  die  while  achieving 
good  contact.  The  boat  Is  then  loaded  into  a  process  furnace.  The  assembly  is  heated  in  a 
hydrogen  atmosphere  to  250“C  within  10  minutes  with  a  dwell  time  above  240°C  of  5 
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minutes,  Afterward,  the  boat  la  pulled  out  and  cooled  down  to  room  temperature  within  20 
minutes.  High  quality  bonds  were  achieved  using  this  technique, 


EXPERIMENTAL  RESULTS 


To  examine  the  bonding  quality,  a  transmission  scanning  acoustic  microscope  (SAM)  [8] 
is  used  to  image  the  specimen,  With  the  operating  frequency  of  130  MHz,  the  SAM  has  a 
spatial  resolution  of  23  pm,  with  dark  areas  corresponding  to  voids.  Fig.  3  shows  the  SAM 
image  of  a  specimen  that  is  well  bonded  using  the  composite  solder.  Due  to  the  resolution 
limit,  voids  smaller  than  25  pm  may  exist  In  the  bonding  that  are  not  seen  in  the  SAM  image 
but  we  speculate  that  such  small  voids  would  huve  little  effect  on  the  quality  of  the  joint. 


Fig.  3  SAM  Image  of  a  2  mm  x  3  mm  (iuAi  die  bonded  on  a  go  Id -coated  alumina  substrate. 


In  order  to  form  a  basic  model  of  the  bonding  process,  we  studied  thickness  uniformity, 
alloy  composition,  and  grain  structure  of  the  bonds.  Several  specimens  were  cut  into  cross 
sections,  polished,  and  examined  with  an  optical  microscope  and  a  scanning  electron 
microscope  (SEM)  with  an  energy  dispersive  X-ray  (EDX)  spectrometer.  Fig.  4  exhibits  the 
SEM  image  of  the  cross  section  of  one  specimen.  As  we  can  see  from  the  picture,  the  bonding 
layer  is  quite  homogeneous  und  uniform  with  a  thickness  of  3.6  pm.  There  are  two  distinct 
phases,  one  with  blocky  grains  thut  is  embedded  in  the  second  phase,  EDX  study  reveals  that 
Hie  blocky  phase  is  Autn2  with  a  composition  of  53  wt.%  In  and  45  wt.%  Au,  very  close  the 
Auln2  stoichiometry,  The  other  phase  was  found  to  be  a  solution  of  lead  and  indium  with 
composition  of  48  wt.%  In  and  52  wt,%  Pb,  This  In-Pb  phuse  is  the  phase  shown  in 
Figure  I. 


GaAg 

Bonding 

Layar 

Alumina 


Fig.  4  SEM  Image  of  the  crou  sectlnn  of  the  specimen  showing  the  bonding  layer. 


To  further  study  the  interface  between  the  QaAs  die  and  the  bonding  layer,  the  GoAs  die 
was  sheared  off.  The  remaining  bonding  layer  on  the  alumina  substrate  is  shown  in  Fig,  5(a). 
The  joint  broke  at  two  different  interfaces.  One,  marked  "C",  is  inside  the  joint  and  shown  to 
the  right  of  the  picture.  The  left  side  of  the  specimen  broke  at  the  Interface  of  the  GaAs  die 
and  the  bonding  layer,  which  is  marked  "D".  In  region  "D",  the  entire  bonding  layer  remains 
on  the  alumina  substrate.  Fig.  5(b)  displays  the  top  view  of  the  left  part  of  Fig.  5(a).  The  top 
layer  is  a  solid  solution  of  In  and  Pb  with  the  same  texture  as  the  In-Pb  solution  identified  in 
the  cross-sectional  picture.  Through  the  holes  in  the  top  layer,  we  observe  grains  of  about  1 
pm  in  size  corresponding  to  the  blocky  grains  of  Auln2  in  Fig.  4.  At  the  border  between  the 
two  layers  in  Fig.  5(a),  we  can  also  see.  these  grains  directly  underneath  the  top  layer. 
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Fig.  S  (a)  SEM  image  or  the  bonding  layer  after  GaAs  die  is  sheared  off  >  A:  alumina  cross 
section,  B:  Joint  cross  section,  C:  broken  Interface  Inside  the  Joint,  Pi  Interface  of  GaAs 
and  the  Joint;  (b)  top  view  SEM  imuge  of  the  bonding  layer  with  GaAs  die  removed. 

During  the  bonding  process,  the  indium  layer  melts  first,  breaks  up  the  Auln2  and 
dissolves  the  lead  layer  to  form  a  mixture  of  liquid  solution  and  solid  Auln2  intermetallic. 
Due  to  the  pressure  applied,  some  liquid  solution  is  squeezed  out  of  the  bonding  area.  The 
bonding  layer  thickness  Is  thus  less  than  that  of  the  original  multilayer  composite. 
Furthermore,  it  appears  that  the  solid  intermetullic  AuIm2  Is  kept  in  the  remaining  solution  in 
the  bond  area  and  forms  the  blocky  grains  embedded  in  the  In-Pb  solution  upon  solidification. 
EDX  data  shows  that  the  composition  of  the  material  squeezed  out  of  the  die  area  is  close  to 
that  of  the  In-Pb  phase  inside  the  joint. 


Fig.  6  (a)  SAM  Image  of  the  specimen  before  thermal  shock  test;  (b)  SAM  Image  of  the  nme 
specimen  after  10  cycles  of  thermal  shock  lest. 
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To  test  the  reliability  of  the  joint,  thermal  shock  testing  was  carried  out.  The  temperature 
extremes  of  -196‘C  (liquid  nitrogen)  and  160°C  (boif  h  g  cyclohexanol)  were  used  with  a  dwell 
time  of  2.5  minutea.  After  ten  cycles,  the  ajueolmens  wore  examined  under  the  SAM  to 
determine  whether  any  bonding  degradation  occurred,  Pig,  6  shows  the  SAM  image  before  and 
after  the  thermal  shock  test.  As  we  can  set,  from  the  picture,  the  bonding  quality  does  not 
degrade  after  ten  cycles  of  the  thermal  shock  test, 

Shear  test  was  carried  out  on  sevewt  samples  accoitling  to  the  MIL-STD-883C.  Tlte 
samples  passed  the  test  for  1.23  X  the  rated  shear  strength  while  the  die  attach  area  exhibited 
evidence  of  adhesion  across  the  whole  die.  In  the  case  of  a  sample  where  some  edge  voids 
were  seen  on  the  SAM,  the  same  bonding  pattern  was  determined  when  the  die  was  sheared  off. 
Samples  of  die  bonding  which  were  not  perfect  due  to  unevenly  applied  pressure  during  the 
bonding  process  also  exhibited  good  adhesion  and  passed  the  shear  test. 

SUMMARY 

A  leod-indlum-gold  composite  solder  for  bonding  electronic  devices  was  developed.  The 
composite  is  deposited  directly  on  GaAs  wafers  in  high  vacuum.  Bonding  of  2  mm  x  3  mm 
dies  to  alumina  substrates  gave  nearly  perfect  joints  as  determined  by  the  scanning  acoustic 
microscope.  SEM  and  EDX  studies  on  the  cross  sections  of  the  bonding  layer  reveal  the  basic 
bonding  mechanism  and  identify  the  two  phusei  present  as  Auln,  intermetallic  and  the  In-Pb 
solid  solution.  The  thermal  shock  and  shear  tests  showed  that  good  die  attach  was  obtained. 
Accordingly,  it  seems  realistic  that  we  could  control  the  strength  and  fatigue  properties  of  the 
joint  by  designing  a  proper  ratio  of  the  Auln^  and  the  In-Pb  phases.  This  method  Is  valuable 
in  application  where  a  soft  solder  of  high  fatigue  lifetime,  with  small  gold  scavenging  effect, 
and  a  well-controlled  thickness  Is  required. 


REFERENCES 


1. 

2. 

3. 

4. 
3. 

6. 

7. 

8. 

9. 

10, 
11 
12 


C.R,  Jackson,  Circuits  Manufacturing  13  (1),  40-41  (1973), 

L.S.  Goldmann,  R.J,  Herdzlk,  N.G.  Koopman,  and  V.C,  Marcotte,  Proc.  27th  Electronic 
Comppn.  Conf..  (IEEE,  New  York,  NY,  1977),  go.  25-29. 

RT.  Howara,  IBM  J.  Res.  Develop,  26,  372  (1982), 

F.G.  Yost,  Gold  Bulletin  10, 2  (1977), 

J.P,  Nabot  and  I,  Ansara  in  Binary  Alloy  Phase  Dia; 

Massalskl  (ASM  International,  Metals  Park,  Ohio,  1990),  t 


M.M.  Kamowsky  and  F.G.  Yost,  Metallurgical  Trans,  A  ’ 

„„  w-_.  - - -  - 1-  «... 


Vol.  3,  edited  by  T.B. 
69-2271. 


V/f,  1 149  (1976). 

F. O,  Yost,  in  EratL-lmcrnational.  Microelectronics  Symth,  (Vancouver,  B.C.,  Canada, 
1976),  pp,  61-66. 

G. S.  Matljasevic  and  C.C,  Lee,  J.  of  Electronic  Mater,  8, 327  (1989). 

Q.S.  Matljasevic,  C.Y,  Wang  and  C.C,  Lee,  IEEE  Trans,  Compon,,  Hybrids,  and  Manuf. 
Technol,  13,1128  (1990). 

C.C.  Lee,  C.Y.  Wang  and  G.S.  Matljasevic,  IEEE  Trans,  Compon.,  Hybrids,  and  Manuf. 
Technol.  14,407  (1991), 

C.Y.  Wang  and  c.c.  Lee,  in i  Proc,42nd  Electronic  Coman,  and  Technol.  Conf.,  (IEEE, 
New  York,  NY,  1992),  pp.  302-501 

C. C.  Lee,  C.Y '-Wang,  G.S.  MatUasevic,  and  5.S,  Chen,  in  Electronic  Packaging  Material 
Science  VI.  edited  by  P.S.  Ho,  K.A.  Jackson,  C.-Y,  Li,  ana  G.F,  Lipscomb  (Mater.  Res. 
Soc.Proc.  264,  Pittsburgh,  PA  1992),  pp.  305-310 

D. M.  Jacobson  and  G.  Humpston,  Gold  Bulletin  22. 9  (1989). 

F,  Yost,  F.P,  Ganyard,  and  M.M.  Kamowsky,  Metallurgical  Trans.  A  7A.  1141  (1976). 

J.  Bjdnteguard,  L.  Buene,  T.  Finstad,  0,  Lpnijo,  and  T.  Olsen,  Thin  Solid  Films  101,  253 


WAFER  BONDING  FOR  HYBRID  CIRCUIT  TECHNOLOGY  USING  SOLID-STATE 
REACTIONS 

Z.  M#»),  G,L,  Zhou»>,  T.C,  Shcn*),  M.E.  Lin*),  K.C,  HiiehW,  L.H,  Allen*),  and  H.  Morko$*) 

a)  Coordinated  Science  Laboratory,  University  of  Illinois,  Urbana,  IL  61801. 

b)  Department  of  Electrical  and  Computer  Engineering,  University  of  Illinois,  Urbana, 

IL  61801. 

ABSTRACT 

In  this  study,  we  report  a  new  wafer  bonding  technique  for  the  integration  of  GaAs-  and 
InP-based  optical  devices  with  prefabricated  Si  electronic  devices  in  hybrid  circuit  technology. 
This  technique  uses  a  Au-Ge  eutectic  alloy  as  the  bonding  materials  between  GaAs  and  Si 
wafers,  and  between  InP  and  Si  wafers.  This  process  takes  advantage  of  the  low  temperature 
.'.olid-state  reactions  at  GaAs/Au-Ge,  InP/Au-Oe,  and  Si/Au-Ge  interfaces.  The  bonding  was 
carried  out  by  annealing  the  samples  at  280-300°C  in  an  alloying  furnace.  The  reliability  of  the 
joined  wafers  was  evaluated  by  both  cleavage  test  and  standard  thermal  cycling  test.  The  joining 
interfaces  were  characterized  by  scanning  electron  mloroscopy  and  transmission  electron 
microscopy,  The  results  reveal  that  the  bonding  is  achieved  by  low  temperature  reactions  at  the 
GbAs/Au-Go  and  InP/Au-Gc  interfaces  as  well  as  solid-phase  epitaxial  regrowth  at  the  31 
interfaces,  The  joined  structure  has  very  good  Integrity, 


INTRODUCTION 

The  rapid  progress  in  hybrid  circuit  technology  has  stimulated  considerable  efforts  in  the 
integration  of  micro-  optic  components  with  the  optoelectronic  and  microelectronic  circuitry,  and 
Integration  of  digital  and  analog  microelectronics  with  optoelectronic  components  [1-3],  To 
realize  this,  heteroepltaxial  growth  of  device-quality  GaAs,  InP,  and  related  materials  on  Si 
substrates  with  low  threading  dislocation  density  has  been  motivated  [4-6],  Significant  results 
have  been  achieved  in  Improving  the  minority-carrier  lifetime  in  these  epitaxial  films  by 
introducing  strained-layer  superlattice  and  various  buffer  layers  to  reduce  the  threading 
dislocation  density. 

Recently,  Lo  et  al, 17]  demonstrated  an  alternative  approach  to  optoelectronic  integration 
for  InP-based  materials  on  GaAs  substrates  using  the  so-called  bonding  by  atomic  rearrangement 
(BAR)  method.  This  method  Involves  high  temperature  annealing  and  requires  precise 
crystallographic  alignment  of  InP  and  GaAs,  To  overcome  these  problems,  Venkatasubramanian 
et  al, [8]  used  Au  as  the  bonding  material  and  developed  an  eutectic-metal  bonding  (EMB)  method 
by  making  use  of  the  low  temperature  eutoctios  of  Au-Si  and  Au-GaAs.  But  their  bonding 
process  involves  liquid-phase  reaction,  In  this  work,  we  have  explored  a  new  bonding 
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technique,  which  utilizes  a  commercial  Au-Ge  low  temperature  eutectic  alloy  as  the  bonding 
materials. 

EXPERIMENTAL  PROCEDURE 

llOO)  oriented  OaAs,  InP,  and  SI  wafers  were  used  in  this  study.  After  a  standard 
degreasing  procedure,  the  wafers  were  chemically  cleaned  in  buffered  HP.  A  commercial  Au-Ge 
eutectic  alloy  was  used  as  the  adhesion  material.  The  Au-Ge  films  were  deposited  onto  the 
cleaned  GaAs,  InP,  and  Si  substrates  using  a  thermal  evaporator.  The  Au-Gc-coated  samples 
were  then  stacked  face-to-face,  i.e.,  GaAs/Au-Ge/Si  and  InP/Au-Ge/SI,  In  Intimate  physical 
contact.  The  bonding  process  was  carried  out  by  annealing  at  280~300°C  for  0.3  hr  In  an 
alloying  furnace.  The  strength  and  reliability  of  the  joined  structure  wure  evaluated  by  a  simple 
cleavage  test  as  well  as  standard  thermal  cycling  experiments,  The  joining  interfaces  were  also 
examined  by  scanning  electron  microscopy  (SEM)  as  well  as  transmission  electron  microscopy 
(TEM)  equipped  with  x-ray  microanalysis. 

RESULTS  AND  DISCUSSION 

Figures  1(a)  and  1(b)  show  cross-sectional  scanning  electron  micrographs  (SliM)  for  the 
joini.d  sumples  of  GaAs  on  SI  and  InP  on  Si,  respectively.  The  cross-section  samples  were 
ptepwed  by  cleaving  with  a  diamond  scriber.  Tho  adhesion  Is  seen  to  be  fairly  uniform  across  the 
entire  regions  under  inspection,  Also,  the  original  physical  points  of  contact  can  not  be 
distinguished  after  bonding,  implying  that  atomic  rearrangement  occurred  during  annealing.  Only 
limited  reactions  are  observed  at  the  interfaces,  To  obtain  more  detailed  pictures  about  the 
bonding  process,  we  further  characterized  the  joined  regions  of  the  sumples  using  transmission 


Figure  1 ,  Cross-sectional  SEM  micrographs  of  the  joined  wafers  (a)  CaAs/Au-Ge/Si  and 
(b)  InP/Au-Ge/Si. 
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election  microscopy  equipped  with  x-ray  microanalysis,  Since  the  preparation  of  TKM  specimens 
involves  both  diamond-blade  cutting  and  mechanical  polishing  down  to  about  40  pm,  the 
preparation  itself  provides  the  inltiul  stress  test  for  the  strength  of  the  adhesion,  Figures  2(a)  and 
2(b)  are  cross-sectional  TEM  micrographs  corresponding  to  Figs, 1(a)  and  1(b),  respectively.  In 
both  cases,  it  is  seen  that  the  initially  codeposited  Au-Oe  eutectic  ulloy  separates  into  Au(Oe)  and 
Oe  regions  during  annealing,  It  is  deduced  that  the  incorporation  of  Oe  in  the  Au  films  largely 
suppresses  the  further  dissolution  of  Si  into  the  Au.  This  Is  expected  in  view  of  their  simple 
eutectic  phase  diagrams  where  no  stable  compounds  exist  [9],  More  interesting  is  that  after  phase 
separation,  the  Oe  grows  epitaxially  onto  the  SI  substrate.  This  is  clearly  shown  in  a  high- 
tesoluiion  TEM  micrograph  (Fig.3).  X-ray  microanalysts  indicates  that  this  epitaxially  regrown 
region  contains  only  a  small  amount  of  Si,  which  is  believed  to  be  initially  dissolved  In  Au  and 
then  incorporated  in  the  epitaxial  film  during  regrowth  [  10],  The  strain  contrast  is  also  seen  in  the 
Image  and  is  due  to  the  large  lattice  mismatch  between  the  epitaxially  regrown  region  and  the  Si 
substrate  (‘he  interface  is  delineated  by  a  set  of  arrows). 
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Similar  to  previous  studies  on  Au-Ge  contucts  to  QaAs  [11-12],  interfacial  reactions  are 
very  limited  at  our  annealing  temperatures.  The  major  reaction  products  at  this  interface  are  Au- 
rich  Au-Ga  compounds,  which  were  identified  hy  TEM  diffraction  analysis,  At  the  InP/Au-Ge 
interface,  In-rich  In-Au  compounds  are  found.  The  detailed  phase  identification  is  under  way. 

Based  upon  our  microstructural  characterizations,  we  believe  that  the  bonding  Is  achieved 
by  the  low  temperature  solid-state  reactions  occutring  at  these  interfaces  as  well  as  the  Solid- 


Figure  3.  High-resolution  XTEM  micrograph  showing  solid-phase  epitaxial 
regrowth  of  Ge-rich  SiGe  alloy  to  the  SI  substrate.  The  strain  contrast  shown 
is  duo  to  the  lattice  mismatch  between  the  regrown  Side  and  Si  substrate. 

phase  epitaxial  regrowth  of  Ge-rich  SiGe  to  the  Si  substrate.  The  presence  of  Oe  in  initial  At» 
film  not  only  suppresses  the  dissolution  of  Si  into  Au  but  also  acts  as  u  buffer  layer  between  the 
joining  materials  through  the  heteroepitaxial  regrowth  owing  to  the  close  lattice  constants  and 
linear  thermal  expansion  coefficients  between  Ge  itnd  GaAs  or  InP. 

To  evaluate  the  strength  and  reliability  of  the  joined  wafers,  we  also  pet  formed  a  thermal 
cycling  experiment  with  a  temperature  ramp  from  -50°C  to  150°C  for  15  cycles.  The  bonded 
wafers  show  very  good  mechanical  Integrity  after  the  thermal  cycling  test  even  though  there  were 
further  reactions  at  the  GaAs/Au-Ge  and  InP/Au-Oe  interfaces,  us  revealed  by  cross-sectional 
SEM  observations,  Residual  elastic  strain  generated  during  cycling  Is  confined  within  the 
Interface  region  and  the  Si  substrate.  This  simple  wafer  bonding  technique  is  governed  by  the 
low  temperature  solid-state  reactions  and  shows  promise  in  designing  new  substrates  for 
heteroepitaxial  growth  as  well  as  In  realizing  the  Integration  of  OaAs-  ami  InP-based  optical 
devices  with  prefabricated  Si  electronic  devices  in  hybrid  circuit  technology, 

SUMMARY 

We  have  presented  a  low  temperature  wafer  bonding  technique,  which  involves  the  low 
temperature  reactions  os  well  an  solid-phase  epitaxial  ’egrowth,  for  the  integration  of  GaAs-  and 
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InP-based  optical  devices  with  Si  microelectronic  components.  The  Au-Ge  eutectic  alloy  as  the 
bonding  material  not  only  suppresses  the  interfacial  reactions  but  also  enhances  the  bonding 
strength  through  heteroepitaxial  growth,  Both  simple  mechanical  tests  and  thermal  cycling  tests 
confirm  good  mechanical  integrity  of  the  joined  structure, 
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